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THICK-FILM PIEZOCERAMIC DEVICES 

By Russel Neil Torah 

This thesis details the optimisation of the thick-film piezoelectric strain constant d33,f and 

the mechanical properties of thick-film Lead Zirconate Titanate (PZT) materials. The 

investigation focuses on the effects of the fabrication process parameters involved in thick-

film screen-printing and the materials used. 

Initial investigations examine the effect of powder milling on type PZT-5H powder 

supplied by Morgan Electro Ceramics Ltd. Ball milling, jet milling and attritor milling are 

studied in conjunction with the percentage of glass frit in the screen printable film. 

Subsequently, an investigation was conducted to improve the density of the fired film by 

blending ball and attritor milled powders together. The results showed that the optimum 

paste formulation is 18% attritorS, 72% ball milled PZT-5H and 10% CF7575 lead 

borosilicate glass powders. Following the formulation of the optimum paste, a study was 

conducted to identify the optimum furnace firing profile and polarisation process. The 

study showed that a peak firing temperature of 1000°C and poling at a temperature of 

200°C for 5 minutes produced the optimum piezoelectric activity. The results show an 

increase in d33,f value from 18.5pC/Nto 131pC/N. This represents a six-fold increase in 

piezoelectric activity in the fired films. The introduction of a multilayer stiiicture of three 

individual PZT layers improved the d33,f coefficient to 325pC/N. 

Finally, the thesis outlines current applications and collaborative work for the optimised 

film and details avenues for future work and further development of the PZT-5H thick-

film. 
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Introduction 

1 Introduction 

1.1 Background 

Credit for the discovery of the piezoelectric effect is given to Pierre and Jacques 

Curie who first reported the effect in 1880 [1], They observed that certain 

crystalline materials became electrically polarised when subjected to a 

mechanical force. In addition, compression and tension on the crystal was 

shown to produce a charge of opposite polarity, proportional to the applied force. 

Conversely, it was discovered that if a polarised crystal were subjected to an 

electric field, a structural deformation would occur. These observations were 

defined as the piezoelectric effect and the inverse piezoelectric effect 

respectively. Piezo is derived from the Greek word piezein, meaning to press or 

squeeze where piezoelectricity is 'pressure electricity'. 

The earliest experiments concerning piezoelectricity were conducted using 

Quartz and Rochelle salt as single crystal naturally occurring materials. It is also 

possible to manufacture a piezoelectric material using ceramics technology. 

During the 1940's, Waigner and Salomon developed Barium Titanate (BaTiOg) 

as the first piezoceramic [2] and then in 1954 Jaffe discovered Lead Zirconate 

Titanate (PZT) soHd solution as a viable piezoceramic [3]. These materials are 

mixed in powder form with a vehicle to form a paste or slurry. The mixture is 

then formed into a pattern and subsequently dried and fired thus creating a 

piezoelectric ceramic. 

The materials used in piezoceramics are generally chemically inert and 

physically robust. In addition, they are cost effective to manufacture and provide 

a broad scope for applications. The composition of the ceramic can be tailored 

to the type of application and to specific dimensions and shape. The most widely 

used piezoceramics are currently those formed from a PZT composition as these 

exhibit greater sensitivity and operating temperatures (dss of 150-600pC/N, 
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Curie temperature of 150-400°C) than the more traditional compositions such as 

Barium Titanate (dgg of 50-100pC/N, Curie temperature of 90-200°C). These 

properties make PZT piezoceramics an ideal choice for many sensor and actuator 

systems. 

The voltage generated by the piezoelectric effect can range from milli-volts for 

miniature sensors to kilovolts for spark ignitor systems. The amount of charge 

produced depends on the processes and composition involved in the fabrication 

of the piezoelectric material. The inverse piezoelectric effect typically produces 

a strain of 1-2% in the desired actuation direction. The piezoelectric effect is 

used in applications such as force or displacement sensors, the inverse 

piezoelectric effect is used in precision actuator applications and in generating 

sonic and ultrasonic signals such as those used in sonar applications. 

Research and development into the combination of piezoelectric materials and 

micro-mechanical devices has increased dramatically in recent years as 

fabrication techniques have improved. Layers of piezoelectric materials in 

combination with micromachined structures enable piezoelectric Micro-Electro-

Mechanical Systems (MEMS) to address a wide range of applications. The 

application of piezoelectric layers to silicon substrates allows the combination of 

traditional microelectronic fabrication and state of the art micro-mechanical 

fabrication to develop fully integrated systems. The flexibility of deposition 

techniques [4] for piezoceramic materials (bulk adhesion, screen-printing, sol-

gel, tape casting, sputtering) means that the sensor and actuator designs can be 

very complex whilst remaining cost effective and reducing the dimensions of the 

product. 

The work presented in this thesis aims to improve the piezoelectric properties of 

a PZT layer that has been deposited using a screen-printing process. The screen-

printing process is a simple and efficient deposition technique that is based upon 

the silk screen-printing process that has been used for hundreds of years to print 

designs on fabrics. The technique produces thick-film piezoceramics on a 

variety of substrates with a piezoelectric layer thickness of 10-200 microns. 
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These thick-film piezoelectric layers have been demonstrated with a range of 

sensor and actuator applications including strain gauges, pressure sensors, micro-

pumps and accelerometers and these will be discussed in this thesis. Developing 

the existing materials to produce a greater piezoelectric response will enhance 

many existing applications and broaden the field of possible future applications. 

This thesis has been funded by an EPSRC PhD studentship with financial and 

practical support from Morgan Electro Ceramics Ltd, an industrial company 

producing PZT powders and piezoceramic sensor and actuator solutions. 

1.2 Scope of this Thesis 

This thesis details the optimisation of the piezoelectric properties of screen-

printed thick-film piezoceramics. A literature review covering the background 

of piezoceramics, deposition techniques and potential applications is provided to 

introduce the concepts and techniques behind the work performed in this thesis. 

Two methods for determining the piezoelectric properties of the film are 

evaluated and the limitations of each are considered. 

Several PZT paste formulations are considered with various materials, powder 

sizes and preparation techniques evaluated to determine the optimum paste 

formulation for increased piezoelectric activity. In addition, the preparation and 

process parameters are optimised to further increase the piezoelectric activity of 

the film. Finally, a number of applications are demonstrated and future work 

identified to utilize the improvements made to the piezoelectric activity of the 

films. 

A full break down of each of the chapters in this thesis is provided in the 

following section. 
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1.3 Structure of this Thesis 

Chapter 1 provides an introduction to the research area of piezoelectric materials 

with an emphasis on screen-printable PZT films. A description of the scope and 

structure of the thesis is included and is concluded with a statement of novelty 

defining the areas of improvement contained within this thesis. 

Chapter 2 discusses previous work and developments in the field of piezoelectric 

materials, processes and applications. The theory of piezoelectricity and the 

parameters associated with determining the piezoelectric properties of the 

material are defined. Following this is a review of the current developments in 

piezoelectric materials, substrate materials, and deposition techniques. Finally, 

there is a broad discussion of the applications associated with piezoelectric 

materials. 

Chapter 3 defines the thick-film fabrication process, focusing on the materials 

used and the screen-printing equipment and process used throughout the thesis. 

The methods for mixing and printing the active material and conductor layers are 

described in detail along with the advantages and disadvantages associated with 

this deposition technique. 

Chapter 4 evaluates two measurement techniques for defining the piezoelectric 

activity of the fired thick-films. The differences between the techniques are 

discussed and measurement comparisons described. This work identified a 

suitable method for measuring the das value for the thick-films, 633 ,̂ throughout 

the work contained within this thesis. In addition, a study of the clamping effect 

associated with the introduction of a substrate to the piezoceramic is included to 

assess the differences between the 633 values measured for bulk undamped 

piezoceramics and thick-film piezoceramics deposited onto a substrate. 

Chapter 5 examines the composition of the paste required in the screen-printing 

process. Focusing on the percentage of glass binder used within the paste and 

the novel step of evaluating the powder milling technique that is used to obtain 
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the PZT powder, the chapter details the results of this study and the effect this 

has on the piezoelectric properties of the film. 

Chapter 6 uses the results contained in chapter 5 to further advance the 

optimisation of the piezoelectric properties by considering alternative electrode 

materials and studying the poling parameters used to induce piezoelectric 

properties in the film. 

Chapter 7 considers the novel approach of combining the optimal powders from 

chapter 5 with the aim of producing higher piezoelectric response with a greater 

consistency and repeatability of results. Beginning with an evaluation of simple 

2-Dimensional and 3-Dimensional modelling of the film structure, a start point is 

obtained for initial composition percentages for the paste. Four different powder 

combinations are assessed and the results are evaluated to determine the 

optimum paste composition. 

Chapter 8 takes the optimum paste composition described in chapter 7 and 

details the identification of the optimum firing and poling process parameters. A 

study of the effect of firing temperature on the piezoelectric properties of the 

film is conducted. The temperature and number of firing cycles that the thick-

film is subjected is studied and an alternative glass binder material is evaluated. 

In addition, the possibilities of co-firing specific layers of the thick-film structure 

are evaluated. The poling analysis includes an investigation of temperature, time 

and electric field strength effects on the piezoelectric properties of the film. The 

conclusions of this chapter assess the work covered in this thesis, with a stated 

optimal paste formulation and associated process parameters to achieve the 

highest piezoelectric activity levels. 

Chapter 9 covers a range of measurements taken to obtain the characteristic 

values for the optimised PZT films. Details of experiments conducted to obtain 

these values are provided and a final table of defining characteristics is given. 

Chapter 10 examines the increase in piezoelectric response with the introduction 

of second and third PZT layers with the use of series connected stacked 
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actuators. The chapter discusses the problems associated with multi-layered 

screen-printing and the various solutions available. 

Chapter 11 provides an overview of the applications and research projects at the 

University of Southampton which have benefited from the optimisation work 

contained within this thesis. 

Chapter 12 discusses the conclusions that have been drawn from the 

investigation into improving the piezoelectric properties of thick-film 

piezoceramics. Future work and avenues for study are also presented. 

1.4 Statement of Novelty 

The key novel contributions to the field of PZT thick-film development that are 

contained within this thesis are: 

• A study of the substrate clamping effects on commercially available bulk 

PZT piezoceramics and the relation to thick-films (section 4.3). 

• Evaluation of the main PZT powder milling processes and their 

influence on the quality of the screen printed thick-films (chapter 5). 

• Improvement of piezoelectric activity with the combination of different 

powder sizes to improve the densification of thick-films (chapter 7). 

• Optimisation of the process parameters for firing and poling of the 

improved PZT film (chapter 8) 

• Demonstration of a wide range of applications for the newly developed 

optimal paste formulation (chapter 11). 
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2.1 Introduction 

This chapter provides a discussion of piezoelectricity and the background 

theories and developments in the area of piezoceramics. The chapter begins with 

an overview of the definitions and properties associated with piezoelectricity. 

This leads to an identification of the three measurement methods required to 

determine the piezoelectric characteristics of a material. From here, the core 

topic areas concerning piezoceramics are discussed with related research. 

These piezoceramic topic areas are: 

• Piezoceramic materials, their associated properties and definitions. 

• Deposition techniques required to produce piezoelectric layers. 

• Substrate materials used for piezoelectric test structures. 

• An overview of the range of applications for piezoceramics detailing 

current and future developments in the field. 

2.2 Piezoelectricity 

Pierre and Jacques Curie discovered the piezoelectric effect in the 1880's. It is a 

property exhibited by certain classes of crystalline material that generate an 

electrical charge when a force is applied and, conversely, a mechanical 

deformation when an electric field is applied [5,6,7]. Piezoelectricity differs 

from electrostriction because the reversal of the applied field reverses the 

direction of the resultant strain, whereas with electrostriction the induced strain 

is the same direction independent of the polarity of the applied field. 

Electrostriction is a property of all dielectric materials, however, the 

piezoelectric effect is only present in polar materials. Polar materials are crystal 

classes that exhibit a degree of polarisation under certain conditions, such as 

temperature change or an applied electric field. Only acentric polar materials 
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will exhibit the piezoelectric effect. A distinction is also made between a 

piezoelectric and a ferroelectric material. A piezoelectric material experiences a 

spontaneous polarisation effect which cannot be reversed, however, with a 

ferroelectric material this effect can be reversed and a polarisation of opposite 

polarity can be induced within the material with the application of a strong 

applied electric field. 

2.2.1 Piezoelectric crystal structure 

The piezoelectric effect occurs naturally in some crystalline materials and was 

first observed in Quartz and Rochelle salt. The distinction between these and 

other non-piezoelectric crystalline materials is that the atomic structure in a unit 

cell of a piezoelectric crystal does not possess a centre of symmetry. The non-

symmetrical nature of the unit cell induces a dipole moment that results in an 

overall polarity to the crystal. In addition, the piezoelectric effect can be induced 

in some poly-crystalline ceramics (known as piezoceramics) with the application 

of an electric field; this process is known as poling. The first of these 

piezoceramics was barium titanate (BaTiOs) but later experimentation by Hans 

Jaffe provided the discovery of strong and stable piezoelectric effects in lead 

zirconate titanate (PZT) solid solutions. PZT has since gone on to become the 

dominant piezoceramic material. 

Piezoceramic materials have anisotropic properties and therefore do not have the 

same properties in all directions. Piezoceramic materials are typically 

polycrystalline ferroelectric materials and the most important piezoceramics 

crystallise in the perovskite crystal structure as shown in figure 2.1. These 

crystals contain three different ions of the form ABO3. A small tetravalent atom, 

typically zirconium or titanium (B), is surrounded by a lattice of larger divalent 

atoms, typically lead or barium (A), and oxygen atoms (O). 
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(a) 

+ 

Figure 2.1: Perovskite crystal structure (a) cubic structure above the Curie 
temperature (b) tetragonal structure below the Curie temperature and has a 

dipole. 

The crystal structure changes with temperature. Below a fixed temperature, 

known as the Curie temperature, the crystal exhibits piezoelectric activity. As 

the crystal temperature reaches the Curie temperature the crystal structure 

changes to a symmetrical cubic lattice and the ionic charges within the structure 

balance out thus removing the electric dipole of the crystal. Without the electric 

dipole the piezoelectric properties are lost. 

2.2.2 Piezoelectric polarisation 

The elementary cells of a piezoelectric crystal each have a built in electric dipole. 

These combine with neighbouring dipoles to form a region of local alignment 

known as a Weiss domain. The Weiss domain gives a net polarisation, the 

domains, however, are randomly distributed within the material. 

In an ideal crystal, the Weiss domains would all combine to form a single large 

domain. However, commercially available piezoceramics are always 

polycrystalline. The polycrystalline structure creates a fragmented arrangement 

of smaller Weiss domains. These small Weiss domains are randomly oriented 



Literature Review 10 

and combine to create an electrically neutral sample as the vectors cancel each 

other out due to statistical distribution of directions. 

axis 

Poling 
voltage 

(a) (b) (c) 

Figure 2.2: Electrical domain alignments 

Whilst the domains are randomly oriented, figure 2.2(a), the material does not 

exhibit the piezoelectric effect or any overall polarisation. The domains must be 

aligned in a single direction in order for the material to become piezoelectric. 

This alignment is performed by the poling process. 

The poling process involves the application of a large electric field to the 

material at just below the Curie temperature. Whilst this electric field is 

maintained, the domains are forced to switch and rotate into the desired 

direction, aligning themselves with the applied field, figure 2.2(b). This 

alignment also causes a change in the physical dimensions of the material. 

The polarisation increases with electric field strength until it reaches a saturation 

point where no more polarisation can occur because all the domains are aligned 

[8]. As the field is reduced to zero, the domains moderately re-align but remain 

close to the desired alignment, as shown in figure 2.2(c). The result is a net 

polarisation that provides the piezoelectric material with a particular polarity. 

The material is said to have a remnant polarisation and this follows closely with 

that of magnetic hysteresis as shown in figure 2.3. 

10 
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Polarisation Cm ' 

Remnant 
Polarisation 

Virgin curve 

Field Vm 

Figure 2.3: Typical polarisation hysteresis loop for a piezoceramic. 

The volume of the piezoelectric material remains constant, so an increase or 

decrease in the sample dimensions will change others by the same amount. 

2.2.3 Characteristic properties of piezoceramic materials 

As stated previously, piezoceramics have anisotropic characteristics, thus, the 

properties of the material differ depending on which direction the measurements 

are taken. The anisotropic piezoelectric properties of the ceramic are defined by 

a system of symbols and notation [9]. This is related to the orientation of the 

ceramic and the direction of measurements and applied stresses/forces. The 

basis for this is shown in figure 2.4. 

(Z) 
^ 3 

c L e 

Direction of 
polarisation 

Figure 2.4: Notation of Axes 

11 
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The level of piezoelectric activity of a material is defined by a series of constants 

used in conjunction with the axes notation. Most commonly used constant is the 

piezoelectric strain constant, d. This is often used because of the relative ease in 

which it can be measured compared to other piezo-coefficients. 

m / V [2.1] 
Applied field 

^ _ Short circuit charge density 
Q — L-'/ IN 

Applied stress 

Equations 2.1 and 2.2 show the two equations that relate the force and voltage to 

obtain the value of d. The results contained within this thesis focuses 

specifically on the characteristic value of dss. The first subscript 3 indicates that 

the poling field is applied in direction 3, whilst the second indicates that the 

induced strain (or the applied stress) is in direction 3. 

The following sets of equations are used to describe the characteristics of 

piezoceramics in more detail. These equations are known as the piezoelectric 

constitutive equations and are shown in their reduced suffix tensor form. 

S.=:s5^^+cLE; [23] D i = d , j ; + 8 ; E ; [24] 

Ei = + (E;)-'Dj [2.5] S . = s° Tp + [2.6] 

a,P = l,2,..6 i ,j = 1,2,3 

Where S = strain, D = electric displacement, E = electric field, T= stress, s = 

material compliance, 8 = permittivity, d and g = piezoelectric strain constants. 

Where there is a superscript it means that the superscript value is constant, i.e. 8 

= permittivity at constant stress. 

T 

Equations 2.3, 2.4, 2.5 and 2.6 show the different electromechanical 

relationships involved in piezoceramics and are used in conjunction with 

12 
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experimental and theoretical results to obtain the main characteristics of 

individual piezoceramics. 

The electro-mechanical coupling coefficients, k, describe the efficiency with 

which the energy is converted within the material between electrical and 

mechanical forms in given directions. This is defined in equation 2.7 and 2.8 

below. 

^ _ I mechanical energy stored 

y electrical energy applied 

electrical energy stored 
[2.8j 

y mechanical energy applied 

In addition to this, kp is defined as the planar coupling factor, which is typically 

used for radial mode of thin discs, and kt is defined as the thickness mode 

coupling factor for a plate or disk. 

Piezoceramics are used in a number of ultrasonic and other high frequency 

applications. Therefore the relative dielectric constant, K, and the dielectric loss 

tangent, tan 5, of the piezoceramic are often required. 

The frequency constant, N, is the product of the resonant frequency and the 

controlling dimension. This property is important for frequency applications 

such as sonar and ultrasonic devices. 

The piezoelectric properties of these materials will vary with age, stress and 

temperature. The change in the properties of the piezoceramic with time is 

known as the ageing rate and is dependant on the construction methods and the 

material type. This ageing means that manufacturers usually specify the 

constants of the device such as dielectric, piezoelectric and coupling for a 

specified time after poling. The changes in the material tend to be logarithmic 

with time, thus the material properties stabilise with age. The aging process is 

13 
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accelerated by the amount of stress applied to the ceramic. Stress can be applied 

either by voltage or force. The higher the stress levels the faster the ageing. 

Temperature is a limiting factor with piezoceramics due to the Curie point. The 

application of stress can also lower the Curie temperature. 

2.2.4 Measurement theory 

The piezoelectric constant dss is often used as the defining piezoelectric 

characteristic for improvements in piezoceramic technology. This value is 

significant because the majority of applications use planar technology where the 

electrodes are at the top and bottom of the application and thus the poling field 

and measurement direction are in axis 3. It is therefore important to measure dss 

reliably and repeatably in order to confirm results obtained. For applications 

where the piezoelectric layer is mounted on a substrate the das value is often 

referred to as dsŝ f to indicate that the film is clamped by a substrate, section 4.3 

covers this effect in more detail. There are three main methods of measuring 633, 

the direct, indirect and resonant methods. 

The direct method is a static method where a known force is applied to the 

ceramic sample and the piezoelectric charge generated is measured. This method 

uses equation 2.2 to find the value for dss; the relation between the applied force 

and the voltage generated is shown in figure 2.5. 

w c 

I + 

t 

+ 

r 
Applied forces 

Figure 2.5: Relation between the applied force and charge generated. 

14 
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Figure 2.5 shows that a compressive force applied along the poling axis will 

produce a voltage the same polarity as the ceramic element, and a tensile force 

will produce a voltage of opposite polarity. These effects are used in sensors and 

transducers for various applications. This method is the easiest to conduct 

because the voltage generated can be measured accurately with standard 

laboratory equipment. The majority of research papers use this method to 

measure dss often using prototype measurement devices. A typical format 

involves the sample under test connected to a charge amplifier and then force 

applied or removed from the sample and the resulting charge being measured. 

The indirect or converse method is also a static technique and is based on the 

relationship in equation 2.1. It involves an applied voltage to generate 

deformations in the dimensions of the ceramic that are much more difficult to 

measure than the direct method. Figure 2.6 below shows the relationship 

between the applied voltage and the resultant dimension change. 

: + 

Applied 
Voltage 

Figure 2.6: Relation between applied voltage and dimension change. 

Figure 2.6 shows that an applied voltage of an opposite polarity will induce 

compression in the piezoelectric element and a voltage of the same polarity will 

induce an expansion along the poling axis. This property is used in acoustic and 

ultrasonic devices with an applied A.C. field. This method is rarely used in 

measurements due to the very small displacements in the devices, which are 

typically no greater than a few nanometres for the majority of MEMS devices. 

The resonance technique [10] is a dynamic method used for obtaining an 

approximation of the value for dss from the resonant frequency of the 

15 
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piezoceramic. The equivalent circuit for the piezoceramic is shown in figure 2.7 

below. 

Li C, Ri 
jYywi—11—f— 

Csii 

Figure 2.7: Equivalent circuit for a piezoceramic. 

Figure 2.7 shows that the mechanical resonance of the device is represented by 

Li, Ci and Ri, and the electrodes of the device are represented by Cg. These 

components define the frequency response of the device which is shown with 

respect to the change in impedance levels in figure 2.8, it shows that if the 

vibration is electrically induced then the impedance falls to a minimum at 

resonance (fm) and a maximum at what is known as anti-resonance (fn). 

fm fn Frequency 

Figure 2.8: Impedance change with frequency. 

This frequency value can be obtained by measuring the frequency at which the 

impedance is lowest and therefore the current is highest. This resonant 

frequency is related to the frequency constant N33 by equation 2.9. 

f _ 

t 

Where f^ = Resonance frequency. 

N33 = Frequency constant in axis 3. 

t = Thickness of ceramic. 

[2.9] 

16 
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Having obtained the frequency constant, equation 2.10 can be used to find dss. 

— ^ 3 3 = ^ [2.10] 
d^V 

Where V = Peak voltage at resonance. 

This resonance technique is rarely used to measure the dss value because of 

anomalies in the measured impedance as the frequency is increased. In addition, 

it is considered to be unsuitable for piezoceramics deposited on a substrate. This 

is due to the dominance of the substrate on the measured resonant frequencies 

and is therefore rarely used. 

2.3 Piezoceramic materials 

Piezoceramic materials are typically defined as either hard or soft ceramics. 

Hard ceramics have high mechanical quality factor (Q), low dielectric constant, 

low loss factor and are less susceptible to depolarisation. Soft and Hard PZT 

materials are obtained by adding dopant materials to the standard PZT 

composition. Donor dopant materials, such as niobium, or acceptor dopant 

materials, such as nickel, are used to obtain Soft and Hard PZT respectively. 

Hard ceramics are typically used in high power transducer applications such as 

sonar. Soft ceramics generally have a low mechanical Q factor, high dielectric 

constants and usually higher charge sensitivity than hard ceramics. Soft 

ceramics are used with low power sensor and actuator systems where sensitivity 

is an essential design factor. Industrial studies [11] have shown that PZT-5H 

formulation, a soft ceramic, provides the most sensitive composition in terms of 

electrical and mechanical responses. 

2.3.1 Bulk piezoceramics 

Most piezoceramic manufacturers develop what are termed 'bulk' devices, 

pressed ceramic structures fabricated from a combination of bulk piezoceramic 

17 
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materials. This manufacturing process involves the use of a high temperature 

(1100-1700°C) sintering process to fabricate a sohd poly-crystalline structure. 

As stated previously, although there are many different piezoelectric materials, 

(e.g. Quartz, Barium Titanate, Lithium Niobate, and Lead titanate) the most 

commonly used piezoceramic is Lead Zirconate Titanate (PZT). This material is 

available in various formulations that are defined by the manufacturing process 

and the chemical composition of the material type. PZT piezoceramics produce 

the optimum piezoelectric activity when the composition lies near the 

Morphotropic Phase Boundary (MPB) [12]. The MPB is a boundary that 

separates the tetragonal and rhombohedral ferroelectric phases. PZT 

compositions that lie on the MPB are said to have both of these phases 

coexisting, which allows for a greater number of polarisation directions and 

improved results from the polarisation process [13]. These materials exhibit 

different mechanical and piezoelectric properties as shown in table 2-1. 

Characteristic 
Bulk material type 

PZT4D PZT5A PZT5H PT2 

d33 (pC/N) 315 374 593 68 

dsi (pCVN) -135 -171 -274 -3 

Tc (°C) 320 365 195 255 

ICp &57 0.6 0.65 <&02 

kx 0.675 0.71 0.75 a 5 4 

Np (Hz-m) 2180 1960 1965 2870 

(xlO 'S) 1300 1700 3400 210 

Table 2-1: Typical values for Bulk Lead Zirconate Titanate and Lead Titanate 
materials. 

Another piezoceramic given in table 2-1 is Lead Titanate (PT). Lead Titanate is 

used because it has a high Curie temperature and low dielectric constant; this 

makes the material useful in high frequency and high temperature applications. 

18 
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One of the problems associated with PZT and PT based ceramics is the difficulty 

with sintering, which can make the resulting ceramics fragile. The high sintering 

temperatures required result in the lead content of the ceramic being more 

mobile. This often causes evaporation of the lead, leading to an imbalance in the 

stoichiometry of the material, which can be a factor in reducing the piezoelectric 

activity of the ceramic. The lead loss can be avoided by firing the ceramics in a 

lead rich atmosphere to reduce lead evaporation or by reducing the firing 

temperature. 

A particular problem with PT ceramics is that the high degree of lattice 

anisotropy makes the fired ceramic fragile when cooled. Studies by Chu et al 

[14] have considered the use of Calcium (Ca) or Samarium (Sm) in lead titanate 

ceramics to reduce the lattice anisotropy and increase the density of the 

piezoceramic. Their study used Sm, Manganese (Mn) and Ca with lead titanate, 

fired in a lead oxide atmosphere to maintain lead levels to compensate for losses 

in the sintering process. The results showed that an increase in Ca and Sm 

additives would increase the dielectric constant and reduce lattice anisotropy. 

The optimum percentage was found to be Ca at 13-15 mol%; this gave the 

piezoceramic a coupling factor k j of 0.57 which is claimed to be sufficient for 

high temperature and high frequency applications. There are no specific figures 

given for the piezoelectric properties of the material so it is not possible to assess 

the impact these results have on any practical applications. 

2.3.2 Thick and thin-film piezoceramics 

As research and industrial developments tend towards miniaturisation of sensors 

and actuators, the requirement for smaller and more intricate designs increases. 

The high temperature and moulding pressures associated with bulk 

piezoceramics do not lend themselves easily to MEMS integration. Therefore, it 

was necessary to develop alternative techniques to combine piezoceramics and 

MEMS devices. These techniques can be classified as thick-film, typically 10-

200pm thick [15], and thin-film, <l-10|im thick [16], piezoceramics. 

19 
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Bulk ceramics are typically attached to a specific transducer structure using 

mechanical or adhesive bonding. However, piezoceramic films are deposited 

directly on to a substrate using one of a number of different deposition 

techniques discussed in section 2.4. Most piezoceramics films are fired at lower 

temperatures, 500-1000°C. This is not sufficiently high to obtain sintering 

between the bulk PZT materials and a sintering aid is often required to form a 

bonding matrix. The most common sintering aid for thick-film materials is a 

liquid phase glass, typically lead oxide (Pb-O) or lead borosilicate (Pb-Zn-B) 

with a melting point around 400°C. However, a number of alternative materials 

such as polymer-based binders have been developed that can be cured in air or 

temperatures below 200°C. Thin-film deposition techniques often rely on the 

chemical composition of the film to cause crystallisation of the film at specific 

annealing temperatures. 

A study by Corker et al has considered the introduction of a sintering aid 

combining CuiO and PbO [17]. This work attempts to achieve similar levels of 

sintering to bulk devices whilst maintaining the lower firing temperature of 

800°C. The study used Pz26-type PZT pressed pellets and a range of firing 

temperatures from 700°C to 950°C. The results showed good densification 

levels compared to the bulk Pz26. The optimum properties at low temperatures 

were achieved using 3 wt.% of the sintering aid, fired at 850°C. However, it was 

also noted that with 5 wt.% the firing temperature could be reduced to 800°C 

without a serious loss of performance. This study was conducted using bulk 

devices but the implication for thick-film technology is important as the results 

show that it is possible to improve density using an appropriate sintering aid. 

2.4 Piezoelectric Layer Deposition Techniques 

To use the piezoelectric layer in sensor and actuator applications it needs to be 

deposited on to a substrate. The substrate can either be a functional part of the 

device or simply a mounting for the finish product. A number of alternative 

techniques for depositing piezoelectric films have been established. The main 

20 
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focus is to achieve a film that is free from cracks, is of uniform thickness and has 

good mechanical density. 

2.4.1 Screen printing 

Thick-film screen-printing, first reported by Baudry in 1987 [18], is attractive in 

MEMS applications because it is possible to print various patterns on a variety of 

substrate materials and therefore opens a broader range of possible applications 

than the traditional construction techniques such as pressing and extrusion [19]. 

Screen-printing is an effective and inexpensive method for producing the desired 

film geometry on the surface of the substrate. The technique is based on the 

same principles as t-shirt screen-printing. The screen design is etched on to a 

wire mesh using a photo-resistive etch which leaves only the desired pattern. 

The printable material is then placed on the screen and a squeegee drags the 

material across the design. As the squeegee passes over, the material is forced 

through the mesh and a deposit is left on the substrate under the screen in the 

desired pattern and the screen snaps back. The process is ideal for mass 

production with the ability to produce films of 10-200|im in one print whilst 

other deposition and printing techniques can require many hours of processing to 

achieve the same thickness. Limitations of conventional screen-printing are 

feature size and geometry with a minimum line width and space around 100-150 

microns. 

Recent work by Robertson et al has developed a thin stainless steel foil into 

which the required pattern is etched called the p. -Screen [20]. This custom 

etched mesh is mounted in a conventional screen frame and is therefore 

compatible with current printers this also alleviates problems with screen 

flexibility. The -Screen provides a higher resolution, 50}xm line width, and 

edge definition than current fine line technology. The technology is not limited 

to squared off designs, curved Unes and circular pads can also be produced easily 

on the mesh. Figure 2.9 shows a close up of the underside of an etched foil 

screen. 

21 
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Figure 2.9: Close up of the underside of an etched foil screen. Holes are etched 
only where printing is required. 

Work by Moilanen et al. has considered ways to reduce the amount of print 

cycles required for multilayer actuators. A new screen-printing technique known 

as double-paste printing was developed [21]. The technique maximises the 

efficiency of the printing process by only requiring only a single screen to be 

aligned and a squeegee blade that is divided into two sections. The screen is 

loaded with the electrode and piezoceramic pastes that the blade divides. When 

the printer is activated the blade passes over the screen and deposits the 

piezoceramic paste on one side of the substrate with the electrode on the other. 

For each subsequent print the substrate is rotated through 90° and a specific 

section of the substrate is covered whilst the screen remains in place. The 

printing is performed in a pre-determined sequence ensuring that the layers are 

built up in the correct order and the screen is designed with this in mind. With 

normal screen-printing, the screen must be cleaned before each new print to 

remove the possibility of contamination. It is claimed by the authors that this 

new printing method does not suffer the same problem because the piezoceramic 

screen apertures are designed to approach the actuator surface at different angles 

as the squeegee passes over the screen. This method will not work for all 

designs but where the system can be adapted it will be very beneficial to 

reducing costs in the mass production of multilayer stacked sensors and 

actuators. 

22 
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The work contained within this thesis focuses on the use of screen-printed thick-

films. Therefore, screen-printing and associated processing are described in 

more detail in chapter 3. 

2.4.2 The Sol-Gel process 

In general, thick-films are defined as films of 10-200|im. Some applications, 

however, require thin-films that are typically in the l-10)im range. The Sol-Gel 

technique is usually known as a thin film technique but has seen increasing 

applications in thick-film devices [22]. Sol-Gel involves the transition of a 

mainly non-crystalline liquid solution, the sol, into a solid phase, the gel. 

Preparation of the sol involves the use of inorganic metal salts or metal organic 

components. This preparation subjects the materials to a series of hydrolysis and 

polymerisation reactions to form the suspension. The sol can then be processed 

further to make ceramic materials in various forms. This typically involves the 

formation of thin-films on a substrate by spin or dip coating. When the sol is 

cast it will form a wet gel, this is then converted into a dense ceramic with 

further drying and heat treatment. 

Fabrication of Sol-Gel films above 10p,m often leads to cracks in the film which 

leads to poor piezoelectric and mechanical properties. The advantage of this 

process, however, is the increased density of the films. This increased density of 

Sol-Gel films has lead to developments of composite Sol-Gel and screen-printed 

films. The studies are aimed at increasing the density of the typically porous 

thick-films by the application of a subsequent Sol-Gel film to fill the interstices 

in the film. 

Work by Kim et al. [23] has seen the development of a composite technique for 

increasing the piezoelectric activity of a screen-printed PZT thick-film. A PZT 

paste was screen-printed on to a silicon substrate leading to a final film thickness 

of 20-40^m. A number of drying and burnout stages were used to remove the 

organic binder from the film. Subsequently, a Sol-Gel PZT solution was applied 
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to the dried thick-film PZT layer. The composite film was then sintered using 

temperatures of 700, 800 and 900°C to observe the effects of firing temperature 

on the film and substrate. The fired films were then polarised at 130°C for 15 

minutes with an applied field of lOMV/m. SEM micrographs of the films show 

that the sol-gel treatment improved the density of the films although they were 

still porous. The 800°C firing profile produced the optimum results, the 

measured d33_f value was increased from around 75 to 177-200 pC/N with the 

application of a Sol. Above 800°C, the bottom electrode was shown to 

deteriorate which allowed diffusion of lead oxide between the PZT layer and the 

substrate. This diffusion results in a reaction in the substrate that removes the 

possibility of further microfabrication in the substrate and therefore reduces the 

number of applications available. 

A similar development by Corker et al. [24] has seen the fabrication of thick-

films using a composite of a ferroelectric powder and an organo-metallic sol. 

The solution was made using a Ferro Pz26 PZT powder mixed with the sol, a 

Kenrich KR55 dispersant and 5wt.% liquid phase sintering aid. The film was 

deposited onto KOVAR and platinised silicon substrates using spin coating at 

2000rpm for 25 seconds. The films were dried on a hotplate at 450°C for 15 

seconds. This process was repeated to build up a composite layer thickness 

between 8 and 40|im. The films were fired at 710°C for 30-45 minutes in an 

argon atmosphere. After firing, the films were polarised for 2 minutes at 90°C 

with an applied field of 4MV/m. Measured dsŝ f values of 50pC/N were achieved 

with these films. The results showed that the film density was higher than that 

achieved with conventional thick-films. However, it was noted that the films are 

denser close to the substrate than they are at the top of the film. This is 

considered to be due to a number of factors. These include; the sintering aid 

sinking within the film, the organic vehicle burnout during sintering resulting in 

pores and a similar effect caused by lead evaporation during firing. 
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2.4.3 Lithography 

Investigations into new possibilities for thick-film deposition have included the 

use of microstereo lithography (|liSL) as a viable deposition technique for 

piezoelectric thick-films [25]. Jiang et al. fabricated PZT thick-films on silicon 

substrates using the |liSL apparatus. The pSL apparatus consists of precision 

computer controlled x-y-x stages, a blade with a precision micrometer and an 

argon laser with its beam delivery system. The UV curable PZT suspension 

consisted of ball milled PZT powder, UV curable monomer, photo-initiator, 

solvent and dispersant. The precision blade section of the apparatus was used to 

spread the PZT suspension layer uniformly with controlled thickness across the 

substrate. Subsequently, the film was solidified then patterned with UV laser 

exposures. The wafer was rinsed with isopropyl alcohol and deionised water to 

remove the unpolymerised PZT. After drying, and a process of curing and 

annealing, a final platinum electrode was sputtered on as a top electrode. The 

UV laser beam can focus at l-2|nm to obtain high-resolution designs. Complex 

3D structures can be fabricated within a few hours with synchronised x-y beam 

scanning and z motion, layer by layer. Crack-free PZT films with thickness 

ranging from 50-130)im were achieved. 

The highest claimed dsŝ f obtained was lOOpC/N, which showed that PZT films 

could be effectively deposited on silicon in this manner and could also be 

integrated into further microfabrication process' on the substrate, giving this 

method an advantage for reduced costs and increased complexity and precision 

for MEMS. The disadvantage of this system is that each device must be 

processed individually on each substrate, thus not lending itself to low-cost, high 

volume, batch fabrication applications. 

2.4.4 Anodic bonding 

Studies have also been conducted to bond bulk PZT layers on to silicon 

substrates using anodic bonding [26]. This has the advantage of reducing 

reactions in the substrate due to the firing process whilst not loosing any 
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piezoelectric properties of the bulk PZT device. The process involved a glass 

layer deposited on the silicon substrate that was then placed on a hot plate. The 

substrate is subsequently heated to a bonding temperature between 350-500°C, a 

PZT layer and an aluminium electrode were then deposited. The hot plate 

formed the anode; the cathode connecting to the top electrode of the PZT layer, a 

DC bonding voltage was then applied. The equipment configuration is shown in 

figure 2.10. 
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Figure 2.10: Anodic bonding equipment, Tanaka et al. [26]. 

The results showed that at 500°C with an applied voltage of 300V, a good bond 

was achieved after 20mins. Further experiments showed that the bonding 

temperature could be reduced to below 400°C with increased applied voltage or 

through the use of longer heating times. 

This process has the advantage that the PZT layer used is bulk material and will 

therefore have higher piezoelectric properties. However, it is a more complex 

process requiring thermal expansion matching to ensure a suitable bond, thus 

limiting the compatible materials. The use of a bulk PZT also means that the 

device pattern is limited compared to the screen-printing approach and will 

require subsequent machining thus limiting its applications. 
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2.4.5 Hydrothermal deposition 

The hydrothermal technique developed by Shimura et al. is a thin-film technique 

designed for depositing a PZT layer on a titanium substrate [27]. The 

hydrothermal technique utilises the chemical reaction between a titanium base 

metal and high temperature dissolved ions. The technique requires a nucleation 

process followed by a crystal growth process. A solution containing lead, 

zirconate and potassium hydroxide (KOH) is prepared and applied to the 

titanium electrode in an autoclave. The nucleation process results in an adhesive 

force between the titanium substrate and the deposited film. The crystal growth 

process then builds up the thickness of the layer with the chemical composition 

being controlled by the contents of the solution. The reaction takes 48 hours 

which makes it far more time consuming than screen-printing. However, it has 

been discovered that the crystal becomes polarised during the crystal growth 

process, the authors hypothesise that this is due to the chemical reaction being in 

the polarisation direction but a more detailed explanation is not currently 

available. 

The hydrothermal film is reported to have a dsi of -90pC/N but subsequent 

repetitions of the process by Morita et al. [28] have produced a dsi -25pC/N 

which compared with other thin-films would seem a more realistic figure. 

2.4.6 Sputtering 

Sputtering is a thin-film technique that can produce a PZT film thickness in the 

micron range [29]. The technique involves bombarding a target to eject the 

surface atoms or molecules and then attract them to a substrate to form a 

deposited layer. A typical sputter technique uses hot pressed discs of PZT for 

the target material. The disc is placed in a vacuum chamber with the desired 

substrate. The PZT disc is then bombarded with argon ions and are deflected 

around the chamber. The substrate is either heated or polarised to attract the 

PZT molecules which then land on the substrate. The PZT condenses and forms 

a thin-film piezoelectric layer on the substrate. 
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2.5 Substrate Materials 

Bulk ceramic devices are typically discs or rectangular shapes because the 

moulding and pressing processes used are often not suitable for small intricate 

designs without incurring large costs. This means the thickness of these devices 

tends to be in the hundreds of microns to millimetres range. Thick and thin-film 

devices, however, have typical thickness in the tens of microns range. The films 

are deposited on to a substrate to provide structural integrity to the films as they 

are dried and fired. The substrate therefore becomes part of the overall device 

structure. 

2.5.1 Alumina substrate 

Typical PZT thick-film devices use alumina substrates since they are 

inexpensive and offer good adhesion for the printed layers whilst being rigid 

enough to reduce the influence on the active device due to bending moments, 

covered in section 4.3. Alumina is hermetic so moisture is not able to seep in 

and reduce the quality of the prints during firing. In addition, the alumina has a 

thermal expansion coefficient that is closely matched to most thick-film inks. 

2.5.2 Silicon Substrates 

Investigations concerning the use of silicon substrates to integrate the PZT 

sensors directly with the electronic circuitry have produced significant results for 

the increase in MEMS applications including resonators, accelerometers and 

micro-pumps. [30,31,32]. However, lead diffusing into the silicon substrate 

during firing is a significant problem for MEMS applications. Work by Maas et 

al. evaluated the use of a screen-printed Heraeus IP211 barrier layer [33]. The 

results showed that there was no lead diffusion into the substrate and that the 

lead diffused into the barrier layer did not change its insulating characteristics. 

The authors therefore concluded that the electrodes and further thick-film 

devices could be printed on to the barrier layer without short-circuiting. This is a 

significant result because one of the hmiting factors of using silicon substrates is 
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the reaction caused by lead diffusion from the PZT film. A reduction in this lead 

diffusion enables further micro machining of the silicon substrate. Therefore, an 

increased number and range of potential applications may be realised on silicon 

substrates that can integrate further electronics and mechanical structures to 

reduce costs and application dimensions. 

Chen et al developed an ultrasonic transducer consisting of a PZT film printed on 

to a silicon micro-machined system [34]. The films that were produced were 

screen-printed using Ultrasonic Powders Inc. PZT501A material with a 4wt.% 

glass frit content, fired at 850°C ensured no blistering of the bottom electrode. 

However, SEM micrographs showed the low firing temperature resulted in the 

presence of residual porosity in the films. This work showed that it was possible 

to print crack free PZT films onto silicon substrates; measurements showed that 

a maximum dsaj of 50pC/N for the films was obtained. 

2.5.3 Glass substrate 

Current studies have highlighted the future possibilities for glass as a substrate 

[35] for use in optoelectronic circuits such as optocouplers or isolation 

amplifiers. These studies involved polymer-based thick-film conductors and 

resistors due to the limits of low temperature firing with a glass substrate. The 

study has shown that hybrid thick-film circuits are a viable area for development, 

with future possibilities for piezoelectric thick-films being incorporated into 

optoelectronic systems. 

2.5.4 Piezoelectric substrate 

Some sensor designs use the piezoelectric material as the substrate. Surface 

Acoustic Wave (SAW) devices are often designed to use a piezoelectric substrate 

[36]. The SAW devices are fabricated on piezoelectric materials such as Quartz, 

Lithium Niobate (LiNbOg) and Lithium Tantalate (LiTaOs) which provide 

excellent temperature stability due to their high Curie temperatures and high 
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electro-mechanical coupling coefficients making them ideal for high frequency 

applications, typically lOMHz to 2GHz. 

In addition to these traditional materials, more recent work has considered bulk 

PZT. A pressure sensor, developed by Huang and Cheng, uses a bulk PZT 

substrate with the sensor layers deposited above [37]. An insulating layer of 

SiOa is sputtered on to the bulk PZT and this is then placed within the probe 

structure for use as a pressure sensor. 

2.6 Alternative piezoelectric materials 

The range of applications for MEMS devices is increasing rapidly. Therefore, 

designers require new piezoelectric materials to support these developments. 

Traditional materials and deposition techniques described in sections 2.3 and 2.4 

are restricted to applications with a flat and reasonably rigid surface. This 

section describes examples of the ongoing work to develop new piezoelectric 

materials and the deposition techniques developed alongside them. 

2.6.1 Polymer-based piezoelectric films 

Interesting developments in polymer materials have recently lead to their 

increasing use in thick-film devices [38,39]. Polymer devices have the 

advantage of having simple fabrication techniques, low cost and most 

significantly, the ability to be deposited on a wider range of substrates. The 

methods of depositing polymer films can include; spinning or casting, screen 

printing, electrochemical polymerisation and vacuum deposition. 

The most common piezoelectric polymer in current sensor and actuator 

applications is polyvinylidene fluoride (PVDF) [40]. The devices using 

piezoelectric polymers are similar to standard cermet films but with greater 

flexibility in design and processing. The films can be cured at lower 

temperatures (100-250°C) and poled at lower voltages in comparison to standard 

cermet films. This enables these films to be compatible with plastic substrates as 
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well as other materials with low resistance or melting points. Current PVDF 

films have low Curie temperatures of around 80°C and comparatively low 

piezoelectric constants, with a measured dsŝ f of 24pC/N [40]. 

Further studies by Papakostas et al [41] have considered the use of polymer 

binders in thick-film pastes. This replaces the standard glass frit binding 

material in an effort to lower the processing temperatures. The experiments used 

PZT5H powder and Ronascreen Green OPSR 500 polymer. Three pastes were 

analysed, 90, 85 and 75wt.% PZT powder with their respective amounts of 

polymer paste. These pastes were printed on to an alumina substrate with a 

capacitor structure of two electrode layers with the test paste in between. The 

bottom electrode was a standard cermet silver/palladium ESL 9635-A paste used 

for convenience in the experiment. The top electrode was a standard silver 

polymer ESL 1107-S paste. 

The PZT/Polymer layer was printed and then dried in an IR drier at 140°C for 10 

minutes, this partially cures the polymer. The samples were cured under a 

polarising field for 1 hour, with a selection of samples poled for 24 hours. 

Poling/Curing was conducted at 130°C with an applied field of 3MV/m. 

The results showed the 85wt.% concentration to give the best results, with a 633,f 

of 15 pC/N. The results also indicated that the poling time does not result in a 

significant improvement in d33,f and this allows for poling to be concurrent with 

curing. This is a low figure for d33,f and the measurement method used is not 

very accurate. The low d33,f value is thought to be influenced by the lack of a 

high temperature firing process for the PZT powder, thus the stoichiometry of 

the material remains in the pre-fired state and not at the morphotropic phase 

boundary where the optimum piezoelectric properties occur. 

2.6.2 Piezoelectric paints 

Piezoelectric paints are an area of increasing interest as manufacturers seek 

sensors with more direct interaction with the surface they are mounted upon. It 
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is important that these materials have no adverse effects or require changes to the 

existing mechanical structure and material. Work by Egusa and Iwasawa has 

investigated piezoelectric paints [42] using PZT ceramic powder as a pigment 

and an epoxy resin as a binder. The paint films obtained were between 25 and 

300jxm thick having been cured at room temperature or 150°C on aluminium 

substrates. This work has proved the viability of piezoelectric paints for 

applications such as vibration sensors and acoustic emission sensors. 

Novel work by Hale and Tuck has seen the development of a strain sensor using 

a PZT based lacquer spray [43]. The effectiveness of a piezoelectric paint is 

largely dependant on the amount of piezoelectric powder loading. The research 

identified a lacquer by 'LeFranc et Bourgeois' as a suitable resin binder which 

could contain a 75wt% of PZT whilst maintaining a blemish-free finish. Paints 

with 80wt% concentration of PZT were also reahsed. However, it was only 

possible to apply these with a brush, this produced films with an uneven surface 

and susceptibility to short circuits. The painted films use a steel substrate as a 

bottom electrode, with a vapour deposited gold for the top electrode. 

Experimental results showed that poling for 1 hour at 600V produced the 

optimum piezoelectric properties. The strain sensors have produced output 

voltages in excess of 200mV, however, it is stated by the authors that 

repeatability between sensors is limited and further work is focused on 

developing a repeatable fabrication process. 

2.6.3 Piezo-composite materials 

Figure 2.11 shows a diagram for the general types of piezo-composite available. 

However, most designers define the combination of a piezoelectric ceramic and a 

non-piezoelectric polymer as a piezo-composite [44,45]. 
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Figure 2.11: Schematic showing piezoelectric composites with different 
connectivity, A. Safari [45]. 

The most common form of piezocomposite consists of PZT rods in a polymer, 

often referred to as a 1-3 Composite. These 1-3 Composites are typically 

constructed by bundling together the PZT rods and then casting a polymer 

around them, once dried the composite disk is just sliced off. An alternative 

fabrication technique involves cutting grooves into a bulk ceramic and then 

casting the polymer in-between, once dried the base of the PZT rods is removed 

leaving the desired 1-3 piezocomposite. The fabrication technique is limited by 

the fragility of the PZT rods and is typically limited to rod diameters of -50 

microns. In addition, the machining required to remove the base and polish the 

piezocomposite disk can result in damage due to the problem of machining a 

brittle ceramic and a flexible polymer simultaneously. 

The piezocomposites are ideal for medical ultrasound application because they 

provide high electromechanical coupling, due to the compact nature of the 

fabrication, and an acoustic impedance close to that of body tissue, due to the 

flexible polymer. In addition, the rod composite geometry can be designed to 

focus the ultrasonic waves to further enhance medical imaging applications. 

2.7 Applications of piezoelectric materials 

This section provides an overview of common applications for piezoelectric 

materials. The most familiar application for a piezoelectric material is that of the 
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Quartz time base for use in clocks and other timepieces. Marrison and Horton 

demonstrated the Quartz crystal clock [46] for the first time in 1927, since then, 

the invention has developed uses in various modem day applications such as 

computers, calculators, digital watches and mobile phones. Industrial and 

military applications for piezoelectric materials typically involve ultrasonic and 

sonar devices with large-scale bulk devices providing the signal strength 

required for long distance communication and detection [47,48]. Recent 

manufacturing developments such as screen-printing, thin-film sputtering and 

sol-gel have been used successfully to combine piezoelectric materials and 

complex MEMS designs from accelerometers to micro-pumps. 

2.7.1 Acoustic and Sonar applications 

Traditional applications for piezoceramics include the field of ultrasonics and in 

particular for sonar devices, with bulk and thick film devices being used in 

transducers. One such application is that of flextensional piezoceramic 

transducers for underwater acoustics applications [49]. These devices are 

typically based on very thin bulk ceramics. However, as technology advances 

the introduction of thick film devices would increase their resolution and 

accuracy, thus, increased control over micro movement without the inaccuracy of 

mechanically moving parts. 

Acoustic wave sensors are highly sensitive and are most commonly found in the 

telecommunications industry. However, recent developments have seen an 

increase in applications such as chemical, humidity, vapour, temperature and 

mass sensors [36]. Traditional designs are etched directly on to a piezoelectric 

substrate such as quartz and lithium tantalate. 

Work by White and Ko has evaluated the use of a thick-film acoustic wave 

design [50]. The use of thick-film technology allows for a reduction in costs due 

to the less labour intensive processes associated with screen-printing. The 

design was printed on a 96% alumina substrate using a PZT-5H type 
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piezoelectric layer with silver palladium electrodes both deposited using the 

screen-printing process. Figure 2.12 shows the layout of the design. 
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Figure 2.12: Thick-film acoustic wave sensor, White et al, [50]. 

The device operates by applying an alternating voltage at the input which gives 

rise to an acoustic wave in the structure due to the piezoelectric effect. This 

wave propagates to the output electrode providing a detectable signal due to the 

inverse piezoelectric effect. The devices were tested to observe the effects of 

strain on the resonant frequency. The resonant frequency was measured and then 

a mass was applied to the centre of the beam, any changes in the resonant 

frequency were recorded. The results showed a linear characteristic for the 

devices and a suitable response for use in applications such as torque, pressure 

and low magnitude force measurement. 

2.7.2 Accelerometers 

As the piezoelectric and mechanical properties associated with thick-film 

technology improves, applications become more varied. One area of current 

research is accelerometers and their use in the automotive, industrial and 

laboratory fields. Accelerometers can use different effects such as piezoelectric, 

piezoresistive and variable capacitance methods. Devices using piezoelectric 

effects have higher bandwidths because of their intrinsic material stiffness but 

are more susceptible to temperature changes and drift due to charge build up and 

ageing of the materials. 
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Studies by Crescini et al have developed a thermally compensated thick film 

accelerometer [51]. The paper shows that the use of two sensing elements 

printed on either side of the substrate in a plane capacitor structure allows for the 

reduction in thermal drift. By connecting the two piezoelectric elements in series 

and packaging the sensing elements and the electronics close together, it is 

possible to reduce the effects of the extra charge generated with increase in 

temperature. However, this requires the manufacturing limits of the devices to 

be as close to a perfect match as possible. The two devices are polarised in the 

same axis, but with opposite polarity. This means that any thermal drift in one 

device will be the opposite polarity in the other and therefore cancels out. Figure 

2.13 shows a schematic of the device. 
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Figure 2.13: Cross sectional view of the accelerometer sensing part. Crescini et 

By removing the inertial mass, the high frequency cut off of the device is 

determined only by the resonance properties of the alumina substrate that the 

devices have been printed on, the elastic properties of the case or the bonding 

techniques used. The printed films were 40-50jim thick, with a dsŝ f coefficient of 

around 180 pC/N when poled at 3 MV/m. 

An accelerometer design by Beeby et al combines a silicon micromachined 

structure with screen-printed thick-film PZT layers [52]. The accelerometer is a 

deflection based system with a central inertial mass suspended by four beams, 

the beams are located at each comer of the mass and are covered with a 
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piezoelectric element. Figure 2.14 shows an aerial view of the accelerometer 

design. 
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Figure 2.14: Diagram of accelerometer. Inertial mass 4mm ; beam 975)im long. 
750|Lim wide; piezo element 900[xm long, 600jim wide; top electrode 

SOOjim long, 420|im wide. Beeby et al [52]. 

The piezoelectric element is printed in a capacitive structure with a bottom and 

top electrode sandwiching the PZT layer. The novelty of this design is that the 

screen-printing of the cermet layers is performed prior to the etching of the 

silicon. This approach enables the use of the more cost effective screen-printing 

deposition technique where previously the forces involved in printing would 

damage the etched structure. The piezoelectric elements act as sensors to detect 

the deflections of the inertial mass, the optimum detection position was 

determined using the ANSYS™ finite element (FE) analysis software package. 

In addition, the piezoelectric elements are used as actuators to perform a self-test 

diagnostic on the device, which, with the aid of a microprocessor, can determine 

the resonant frequency of the device and confirm the operation of the 

piezoelectric elements [53]. 
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2.7.3 Stress and Strain Sensors 

Capacitive strain sensors are an innovative area of investigation for thick film 

devices. Previous implementations have involved air as the dielectric between 

two plates, where the change in geometry results in a change in capacitance. 

Arshak et al have investigated the use of PZT and polyvinylidene fluoride PVDF 

dielectrics [54] fabricated on alumina substrates. As a strain is induced on the 

sensor, the thick film dielectric is deformed; this causes a change in capacitance. 

It has been found that the capacitance increases proportionally with the increase 

in strain, this is known as the piezocapacitive effect. The sensitivity to strain of a 

certain material is known as the gauge factor (GF), it is defined as the ratio of 

change in resistance and material strain due to an applied stress. The results 

have shown that both the PZT and PVDF films show good linearity and have a 

good gauge factor, 6 and 3.5 respectively, in comparison to commercially 

available devices, 2 [55]. They also exhibit greater sensitivity and it is claimed 

that with external circuitry this is increased by a factor of 10. 

2.7.4 Piezoelectric bimorph actuators 

The deformation that occurs when an electric field is applied to a piezoceramic is 

essential in MEMS using bimorphs. One such bimorph application has been 

studied by Yoo et al to be used as part of a cooling fan for electronic devices 

[56]. 

Typical cooling fans are of the rotary type with electronic motors that produce 

undesirable electromagnetic noise. The advantages of this bimorph structure 

design are reduced electromagnetic noise and reduced power consumption 

compared to existing motor designs; both are essential design factors for modem 

electronics. Four designs, shown in figure 2.15, were evaluated using 

aluminium, phosphor bronze and brass for the vibrating plate. The most 

effective design was shown to be a phosphor bronze vibrating plate with a 

pressed bulk PZT-5 piezoelectric element on each side, design (c) in figure 2.15. 
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Figure 2.15: Designs of the piezoelectric fans. Different parts are labelled as the 
following: 1, base support; 2, elastic adhesive; 3, ceramic bimorph; 4, metal 

vibrating plate; 5, AC voltage circuit. Yoo et al. [56]. 

The optimum design had a measured dsi of -173 pC/N, giving a wind speed of 

3.1m/s showing promise for future developments. 

Friend et al have also incorporated the bimorph actuation technique in their 

design for a piezoelectric linear actuator [57]. The design uses a multiple array 

of piezoelectric bimorphs, again using a thin phosphor bronze plate with PZT on 

either side. The principles of the design and associated motion are shown in 

figure 2.16. 
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Figure 2.16: Layout and principle of motion for multiple bimorph linear 
actuator. Friend et al. [57]. 

The PZT used is a bulk ceramic, Taiheyo type-NA, that was attached using an 

epoxy adhesive. Four bimorphs were mounted in parallel on an aluminium plate 

with the actuation end being placed on a bakelite plate to test the strength and 

speed of the linear movement. A linear velocity of 18.1cm/s and 150mN of 

force was obtained. 

2.7.5 Ultrasonic motors 

Recent work has considered the use of a piezoelectric actuator as part of a 

transducer to convert ultrasonic vibrations to rotary motion in the form of an 

ultrasonic motor. The advantage of the ultrasonic motor compared to the 

traditional electromagnetic design is that the component parts, rotor and stator, 

are solid structures instead of wire wound coils. There are a wide range of 

ultrasonic motor designs each using different principles of converting ultrasonic 

vibrations to rotary movement [58,59,60,61]. 

An ultrasonic motor design by Hu et al. has looked at the feasibility of using 

piezoelectric actuators to levitate the rotor [62]. Two Langevin PZT transducers 

40 



Literature Review 41 

(BLT) are attached to a ring shaped stator with a ring shaped rotor inside the 

stator, separated by a 0.05mm air gap shown in figure 2.17. 
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Figure 2.17: Ultrasonic levitated motor design. Hu et al. [62]. 

The transducers vibrate to excite a travelling wave in the structure that results in 

the rotor levitating and then being driven by the flexural ultrasonic vibrations. 

The paper reports that the motor has a revolution speed that exceeds 3200rpm. 

The Langevin transducers use bulk ceramic technology, this is a potentially 

prohibitive factor for integration within a MEMS device where minimum feature 

size is required. 

Dexterous robot arms, manipulators and endoscopes are some of the areas that 

the development of ultrasonic motors is concerned with. Takemura et al. have 

developed a multi degree of freedom (DOF) ultrasonic motor with a small CCD 

(Charge Coupled Device) camera mounted on the tip [63]. The motor uses a 

column design for the stator, which is then vibrated in three modes using 

piezoelectric ceramic plates. Driving the column into specific bending modes 

causes the spherical rotor, mounted on top of the column, to rotate using 

frictional forces. This design uses pre-fired bulk ceramic plates that are screwed 

together. Although the design requires complex construction, the motor requires 

no gears and provides full multi-directional control for the CCD camera on the 

tip providing the design with potential applications in the medical and industrial 

maintenance industries. 
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Similar column designs have been developed using thin-film piezoelectric layers 

deposited hydrothermally [21]. Developed from a bulk device equivalent by 

Kurosawa et al. [64], the design has been changed to incorporate a thin-film PZT 

layer and reduce the size of the motor to 1.4mm diameter with a 5mm long stator 

[65,28]. A thin-film PZT layer, 12^im, was deposited on to a titanium stator 

using hydrothermal deposition. The rotor is made of stainless steel and is held in 

place using by a spring at the top of the cylinder. The contact area between the 

stator and rotor is conical and spherical respectively; this configuration provides 

enough contact for the rotor to be moved by frictional forces. The PZT layer is 

printed in four equidistant electrode patterns along the length of the cylinder. 

Each electrode is electrically excited in turn with a 90° phase shift. Using the 

indirect piezoelectric effect a travelling wave on the top and bottom surfaces 

causes the rotor to rotate, the principle of the motion is shown in figure 2.18. 

Figure 2.18: Principle of the cylindrical ultrasonic motor. Morita et al [65]. 

The research has demonstrated a working micro ultrasonic motor that has a 

reversible revolution direction and a maximum output torque of 0.67|iNm. 
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Work by Aoyagi et al has seen the development of a thick-film screen-printed 

multi-degree of freedom ultrasonic motor [66,67]. The electrode and PZT layers 

are deposited on to a 96% alumina substrate using the screen-printing technique. 

The electrodes are arranged in such a way that the piezoelectric elements can 

drive the substrate into three specific resonance modes, defined as B30, B03 and 

B22. An alumina column is attached to the middle of the substrate on the 

opposite side to the electrodes with a metal sphere on top as the rotor. When an 

A.C field is applied to the electrodes at the appropriate voltage and frequency, 

the substrate is driven into a vibrational mode, the column moves accordingly 

and frictional forces move the rotor. The vibration modes can be combined to 

induce movement of the sphere in specific directions thus allowing the sphere 

multi-degrees of freedom. The PZT 5H-type used in the motor gave a measured 

dsi of -33pC/N compared to the bulk value of -274pC/N. This reduction in dsi 

meant that a relatively large voltage of 200V needed to be applied to obtain a 

sufficient level of excitation. Improvements in the piezoelectric properties of 

thick-film PZT-5H could potentially lower the excitation voltage required or 

provide greater control for the existing voltage. This supposition is explored in 

more detail, with particular relevance to the work contained in this thesis, in 

section 11.6. The very basic construction techniques required for this motor 

make it ideal for mass production in areas such as medical applications where 

cost is a large factor. 

2.7.6 Multilayer stacked actuators 

Related developments in actuator technology have shown that multilayer 

structures can be constructed using thick film screen-printing processes more 

efficiently than conventional stacked actuators. The layers can be printed to the 

desired shape and fired in a furnace to complete the design as a single element 

where before, the individual layers would be assembled and bonded separately. 

Current studies have shown that multilayer actuators using piezoelectric layers 

can provide higher accuracy, displacement and lower production costs than 

typical devices. Zhu et al [68,69] have researched possible implementations 
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involving a screen-printed PZT paste with 5wt.% lead oxide as a binder on an 

alumina substrate. Using a sandwich layer fabrication technique, one PZT layer 

is screen-printed then an electrode before the next PZT layer, building up 7-15 

layers depending on the sample. Also observed was the grain size for the PZT 

layers after firing along with the dsi, showing a 4[im grain size to give the 

greatest value of - lOlpC/N for dsi with 11 layer devices. The study showed that 

a great number of laminated layers were not a prerequisite of a large actuator 

displacement and therefore production costs could be reduced with the increased 

precision for such applications as computer hard disk driver actuators. Their 

results also showed that higher sintering temperatures increased the average 

grain size, which resulted in increased piezoelectric coefficients. 

2.7.7 Micro-Pumps and Liquid/gas sensors 

A MEMS micro-pump is another application that benefits from piezoelectric 

actuation [70]. These consist of an etched membrane on a silicon substrate, with 

a PZT actuator moving the diaphragm. One such device, shown in figure 2.19, 

consists of two silicon wafers with cantilever valves etched into the top and 

bottom wafer then both bonded together. 

Top ELectxDde 

OUTLET 

INLET 

Figure 2.19: Flow and pressures within the micro pump, Koch et al. [20] 
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A silicon nitride/silicon dioxide double layer was deposited on silicon and then 

patterned with a standard KOH etch to form a membrane. This left a cavity 

between the two structures. The PZT layer was then printed on the membrane as 

an actuator to oscillate the membrane. As the diaphragm moves it causes a 

volume displacement, which results in a flow through the cavity. The valves are 

orientated in such a way that the flow is unidirectional. 

This pump design was simulated using ANSYS and FLOWSD and verified by 

the device. The simulations showed that a pump rate of 400p.l/min is achievable 

and therefore is practical for medical drug dispensing or other sample collection 

apphcations. 

Possibilities for thick-film PZT technology to be used in the fabrication of gas 

sensors have also been studied [71]. In general the devices work by the use of 

ultrasonic resonance of gas flowing through a cavity cell, with a specific change 

in the gas resulting in a change in the resonant frequency that can therefore be 

detected electronically. The advantage of using PZT films for this application is 

the wide range of design possibilities for the devices. A lower temperature 

coefficient that PZT films exhibit over the conventional quartz crystal devices is 

also advantageous in this field. 

2.8 Conclusions 

This chapter has reviewed a number of current piezoelectric materials and 

deposition techniques. The chapter has emphasised work related to thick-film 

PZT materials and the screen-printing deposition technique. The current level of 

piezoelectric activity claimed to have been achieved in these areas have been 

highlighted. The review has shown that there is scope for improvement both in 

the mechanical and piezoelectric properties of the films. 
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A number of the most common applications that feature piezoelectric materials 

have been discussed in detail. The techniques used to fabricate the devices and 

the problems associated with these has been discussed. 

The scope for optimisation of PZT screen-printed thick-films is large. The 

number of applications that would benefit from an increase in the piezoelectric 

properties, using the same raw materials, gives a large impetus for continued 

work in this area. 
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3 Thick-film piezoelectric material processing 

3.1 Introduction 

This chapter of the thesis describes the standard thick-film process used at the 

University of Southampton. This process is used throughout this project to 

fabricate screen-printed PZT thick-film layers. The chapter begins with an 

overview of the thick-film screen-printing process parameters required, with 

emphasis on the materials that will be used in this study. Each stage of the thick-

film process is then discussed in detail for the standard process and those specific 

to this thesis. These stages are: 

• Screen design. 

• Mixing the powders to form a thixotropic paste. 

• Printing the paste with a screen-printer. 

• Drying the printed films. 

• Firing the films in a furnace. 

• Poling process. 

The section also covers any problems associated with each stage of the process 

and details any compromises made. In addition, where required, a discussion of 

any future changes that could be made to each process stage. 

3.2 Piezoceramic thick-film screen printing process 

The thick-film screen-printing fabrication process is based upon that used for 

fabric printing for hundreds of years. The process involves a specific material 

being deposited on an underlying substrate using a patterned screen. The 

advantage of a screen-printed film is that it can be used to deposit complex 
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patterns. In addition, the process can often be combined with existing micro-

machining techniques to reduce costs [72]. 

3.2.1 Screen design 

The pattern to be deposited on the substrate is defined by the screen. The 

majority of the screen is covered with an emulsion, the patterned areas are left 

clear so that the paste can pass through the screen on to the substrate below. 

The pattern is designed using the LEdit^^ computer aided design (CAD) 

software. A screen must be designed for each of the desired layers, this makes 

CAD very beneficial as it is possible to observe all the layers together and plan 

the printing order correctly. For more complex designs, it is often advantageous 

to use alignment aids such as squares or crosses. Using these aids enables the 

operator to align intricate designs using just a simple square away from the main 

pattern. 

The screen consists of a metal frame with a patterned steel or polyester stretched 

mesh. The size of the frame limits the size of the design as in order to print the 

screen must be able to flex and it cannot flex where it is attached to the frame. 

The choice of mesh size determines the maximum resolution of the design. A 

mesh with a mesh count of 125/cm (125 wires per cm) will give an aperture 

resolution of -50 microns which allows a realisable features size of 150-200 

microns. 

The pattern is achieved by coating the mesh in a photosensitive emulsion; this 

passes through the entire mesh to ensure a sharp print contact to the substrate. 

The screen mesh is then exposed to an ultra violet (UV) light through an image 

of the desired pattern. The UV light polymerises the emulsion in all areas except 

those of the desired pattern, the screen is then washed to dissolve the patterned 

parts. This process leaves the desired pattern etched into the mesh leaving the 

exposed areas for the paste to pass through during printing. 
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3.2,2 Thixotropic screen-printable paste formulation 

The PZT paste consists of a percentage weight of PZT powder, a liquid phase 

sintering aid, such as lead borosilicate, and an organic binder, such as pine oil. It 

is important to balance the amount of PZT and glass frit correctly. Increasing the 

percentage of glass frit will lead to a stronger mechanical bond but will reduce 

the piezoelectric powder loading. 

The organic binder is required to make a thixotropic paste that will pass easily 

through the screen in the printing process but will retain the shape of the printed 

pattern when the screen is removed. Excessive pine oil will result in a smeared 

print and reduced definition of the printed geometry whilst a lack of pine oil will 

result in an uneven print and can also lead to screen damage. 

Investigations concerning the use of dispersants in PZT films as a means of 

optimising the particle distribution have been conducted. To improve the quality 

of the printed films it is essential that the paste spreads evenly on the substrate. 

Dispersants act to create the repulsive forces between the particles, thus reducing 

clumping and increasing the homogeneity of the film. 

In the case of thick-film piezoceramics, work by Thiele and Setter [73] has 

studied various dispersants and their effects on the rheology of thick-film pastes. 

Their experiments looked at eight commercially available dispersants with a 

Sensor Technology BM500 PZT powder. One sample set had no dispersant as a 

reference. Once the optimum dispersant was found, a set of four samples was 

examined to determine what effect the order of component additions had on the 

viscosity of the paste. In addition to this, two bulk samples, one with dispersant 

added and one without were prepared. This was to test the effect that the 

dispersant had on the electrical properties. Rheological and optical microscopy 

measurements of the fired film surfaces showed the benefits of using a dispersant 

in the thick-film ink formulations. A decrease of 40% in mean surface 

roughness was observed for the film containing the dispersant compared with the 

sample containing none. The results showed that a phosphate ester oligomer was 

the optimum dispersant. This dispersant allowed for an increase of PZT loading 
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in the paste from 75 wt.% to 80 wt.%, whilst reducing the amount of terpineol 

solvent by 25%. This increase in PZT weight, whilst maintaining viscosity, is an 

important benefit as it allows for a thicker layer for given screen-printing 

conditions and more controlled drying process. The addition of only 0.1 wt.% of 

this dispersant results in dramatic decreases in viscosity (2.42 Pa.s to 0.22 Pa.s), 

which allows for a higher concentration of solids. This improves the micro-

structural homogeneity. The bulk experiment showed that the dispersant has no 

adverse effects upon the dielectric and piezoelectric properties, giving a dss of 

320 pC/N for bulk samples of BM500 PZT powder with or without the 

dispersant. 

3.2.3 Printing thick-film pastes 

The next stage in the process is the printing of the design on to the substrate. 

The same method applies to all materials with just the individual settings on the 

printer changing. The desired screen is placed within the printer and a suitable 

amount of the printable paste is deposited on the screen. The amount of paste 

must be sufficient to cover the entire screen when the print stroke is complete, if 

there is too much or too little material then the print quality will be poor. The 

substrate is typically attached to a moveable chuck using a vacuum. The chuck 

allows for the substrate to be handled outside of the printing mechanism, when 

the print begins the chuck will automatically position the substrate under the 

screen. 

For the initial print it is necessary to cover the substrate with plastic or tape to 

mask it from the printed material. This masking technique is used to precisely 

align the substrate with the screen pattern and allows for adjustment of the screen 

alignment. It is important to wipe the mask clean before each subsequent 

alignment check. Once the alignment is satisfactory, the masking layer can be 

removed. It is important that the mask is easy to remove without disturbing the 

substrate or the subsequent prints will be misaligned. 
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Figure 3.1: Process steps for screen-printing. 

Figure 3.1 shows the four stages of the printing process. The ink is spread across 

the screen by a flood blade ready for printing (a). A polyurethane squeegee then 

forces the screen down on to the substrate as it begins the print stroke (b). The 

squeegee is then drawn across the screen, forcing the ink through the etched 

sections of the mask and removing the excess ink (c). Finally, at the end of the 

print stroke, the pressure of the squeegee is removed and the screen springs back 

into the start position leaving the ink deposited on the substrate in the desired 

pattern (d). 

The printing pressure must be set sufficiently high to produce high quality prints. 

Insufficient pressure will lead to poor contact between the screen and substrate. 

This reduces the definition of the printed geometry and can result in a spreading 

of the material on to the underside of the screen. If the pressure is set too high 

the paste can be spread too thinly across the design as the squeegee blade 

becomes deformed across the pattern and removes too much paste. Also, 

excessive pressure can result in damage to the substrate or the screen. 

The gap size is defined as the space between the substrate and the underside of 

the screen. If this gap size is too large then the transfer of paste is poor and can 

lead to a build up of material which will reduce the consistency of future prints 
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in the same batch. If the gap size is too small then the print will be smeared as 

the substrate is withdrawn from the printer. 

The printing process allows a number of layers to be printed in sequence on top 

of the previous layers. The printing pressure and the gap between the screen and 

the substrate control the thickness of the printed layer. Therefore, for subsequent 

printed layers it is necessary to increase the gap size to ensure the screen can 

spring back without smearing the print. 

3.2.4 Drying the printed films 

The PZT films and the cermet conductive pastes both use an organic binder to 

aid in the printing process. Once printed, it is necessary to remove the excess 

organic vehicle to prepare the printed films for the firing process. 

If the organic vehicle is not removed during the drying stage, the high furnace 

temperatures can result in rapid heating and boiling of the vehicle within the 

paste. This boiling of the vehicle can result in voids within the film and warping 

of the printed geometry. As the printed layer passes through the furnace the 

warped surface is fired and causes further cracks and voids within the film. 

However, if too much of the organic vehicle is burnt off during the drying phase 

the printed film will become powdery. This can result in a distortion of the 

printed design and with a reduced adhesion to the substrate the printed layer 

could detach completely during firing. 

The excess organic vehicle is typically removed using an infrared drier (typically 

100-200°C) but can often be incorporated into the firing process. A typical 

thick-film process uses a belt furnace for the firing stage and is therefore limited 

by the number of temperature stages. Therefore, it is it more efficient to perform 

the drying stage externally before firing. 
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3.2.5 Firing of the films 

Thick-film piezoceramics require lower firing temperatures to ensure 

compatibility with other micro machining processes and their associated 

materials. The lower firing temperatures require the PZT film to contain a 

bonding matrix material, typically a glass frit. The bonding matrix material 

reduces the amount of active piezoelectric material in the film and will not 

provide the same comprehensive bond between the piezoelectric particles as bulk 

sintering. Due to this reduced structural bond, the mechanical couphng within 

the film will be reduced and as such the piezoelectric properties will be further 

reduced. It is for these reasons that thick-film piezoceramics are typically an 

order of magnitude smaller in terms of piezoelectric response compared to bulk 

piezoceramics. 

With PZT based cermet films it is desirable to have a peak firing temperature 

sufficient to melt the glass frit. It is important to use a sufficient firing 

temperature to enable material bonding, however, care must be taken to avoid 

burning off the constituent parts of the powder and therefore reducing the 

piezoelectric properties. Typically, temperatures between 700°C and 1000°C are 

sufficient to create a liquid phase for the glass enabling an appropriate bonding 

matrix [74]. Temperatures over 800°C cause the lead to evaporate which is 

typically lost in the atmosphere but can diffuse into the substrate. Problems of 

lead loss are often balanced by firing in a lead rich atmosphere or in lead walled 

caskets. Powder manufacturers also balance the stoichiometry of their powder to 

match the firing process. For example, before firing the powder will often be 

loaded with more lead than required thus achieving the correct stoichiometric 

balance after firing. 

Because of the lower temperatures used, there is typically limited sintering 

between the bulk particles of the film. Therefore, when the literature refers to 

sintering it will typically be referring to the sintering of the binder material and 

the quality of the bond between the binder and bulk materials. 
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Studies have been conducted into the firing profile for piezoelectric thick-film 

layers on silicon [75] although the results are applicable to thick-films in general. 

The study fired Morgan Electro Ceramics Ltd. PZT-5H films over a range of 

temperatures from 750°C to 1000°C and firing times between 1-8 hours. The 

results showed that films at the low firing temperature of 750°C exhibited poor 

sintering and low adhesion to the substrate. Above 800°C samples showed 

acceptable adhesion and sintering. The samples fired at 800°C and 850°C 

produced dsŝ f measurements of 101 and 109pC/N respectively. However, the 

maximum results were obtained from the 1000°C samples fired for one hour that 

produced 169pC/N. This increase in dss/is due to the increased sintering of the 

film at the higher firing temperature and the closer stoichiometric match to that 

of the bulk device. The higher temperature, however, induced greater reaction in 

the silicon substrate. These reactions in the silicon prevent further micro-

machining after the deposition of the film. 

Figure 3.2; Reaction profile SEM micrographs of wafers fired at (a) 800°C and 
(b) 1000°C. 
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Figure 3.2 shows SEM micrographs of the reaction in the silicon substrate at 

800°C and 1000°C. The study concluded that the optimum profile is 800°C for 8 

hours, in cases where the reaction needs to be minimised to enable subsequent 

processing. 

A further problem with high temperature firing is that of electrode migration. 

This is a particular problem with silver based cermet films where the electrode 

material migrates into the PZT layer. This is typically associated with the high 

temperatures used in the firing process but can also be caused by stress on the 

materials, humidity and the application of large voltages. This effect can reduce 

the properties of the PZT layer and in extreme cases result in a short circuit. It is 

therefore important to match the electrode materials to the application and 

process that is being used. 

3.2.6 Standard thick-film quality tests 

Following the furnace firing process, it is necessary to conduct a number of 

qualitative tests. Initial visual observations of the film are conducted to confirm 

that the geometry of the design is intact and the materials have not been removed 

during firing. After visual confirmation, there are two standard tests that are 

used within the screen-printing industry, these are the scratch test and tape test. 

The scratch test involves the use of a metal blade or scribe. The test is an 

attempt to remove the thick-film from the substrate, or previous printed level, to 

provide an indication of the adhesion levels of the film. The greater the force 

required to remove a portion of the film, the greater the adhesion and fired 

quality of the film. A good quality film will typically only be left with a mark on 

the surface. The test is potentially destructive and it is therefore important to 

consider which sample the test is conducted upon. 

The tape test involves a strip of lightly adhesive tape placed on the surface of the 

fired films. The tape is pressed down on to the substrate and then removed. If 
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the fired film has low levels of sintering and bonding then material particles will 

be seen within the adhesive tape. If the film has fired correctly then there should 

be very little residue left on the tape, the ideal would be no residue. 

3.2.7 Polarisation process 

Thick-film piezoelectric materials, like their bulk counterparts, have no remnant 

polarisation after firing and therefore the piezoelectric properties must be 

induced by poling. The polarisation process involves heating the printed film to 

a specific temperature either close to or above the Curie temperature using a hot 

plate or oil bath. Once at the desired temperature, an electric field is applied to 

polarise the film. The electric field strength is determined by the thickness of the 

film and should be sufficiently high to cause polarisation but not too high that 

dielectric breakdown occurs. In practice, a test sample from the batch is used to 

determine the field strength. The electric field is applied and increased until 

dielectric breakdown occurs. For the remaining samples, a field of 90% of this 

breakdown value is used. 

The electric field is maintained for a set poling time. The level of polarisation is 

increased over time to a saturation point, where possible a poling time of 24 

hours or more should be used but for most practical applications a poling time of 

3-30 minutes is used. The poling voltage is maintained throughout this poling 

time. At the end of the poling time the temperature of the film is reduced to 

room temperature whilst maintaining the applied electric field. Once room 

temperature is reached, the applied field is removed and the material is polarised. 

Studies have been conducted into the optimum poling conditions for PZT based 

thick films [76] looking at the poling time, temperature and poling voltage. The 

experiments studied two types of paste formulations, both using a Ferroperm 

type 27 PZT powder; one set with 3wt.% lead oxide binder the other with lead 

borosilicate binder. The films were printed using standard screen-printing 

techniques and using gold cermet electrodes. 
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Three PZT layers were deposited and fired sequentially at 950°C in order to 

produce suitably thick films, in the order of lOOjim. The samples were split into 

batches and a range of poling voltages from 0.5 to 4.5 MV/m, durations of 

5minutes to 24hours and temperatures ranging from 75-150°C were used and 

then the results correlated. The results gave a clear indication that the value for 

d33 increases with the duration of the poling and that devices poled at higher 

temperatures provided the same dgs values at shorter times than samples poled at 

lower temperatures. The results also showed that the dgg is only marginally 

improved when the poling field increases beyond 2.5MV/m. 

These results are significant because they show that the dss coefficient of the 

samples is increased with a higher poling temperature and a longer poling time, 

but also that poling fields greater than 2.5MV/m had less significant effect on the 

results. The experiment also showed that the lead borosilicate samples gave 

better dss values and also allowed for greater poling voltages before dielectric 

breakdown. The maximum values for dsŝ f obtained from the samples was 

approximately 225 pC/N, which is around 60% of the bulk value stated in the 

paper for the material used, 375 pC/N. However, the bulk value given for 

Ferroperm type 27 PZT by the manufacturer is 425pC/N [77], which means the 

results are closer to 50% of the bulk dss value. 

Whilst these values appear to be close to the bulk values for type 27 PZT the 

measurements taken may not accurately reflect the actual das value of the 

samples. The measurement technique does not compensate for the influence of 

the bending moments in the substrate and is also not very repeatable. 

3.2.8 Summary 

This section has covered the individual stages involved in screen-printing thick-

film devices. Details have been given of the processes involved and the potential 

improvements and developments to these systems for use throughout this thesis. 

The descriptions of screen design, paste mixing, the printing process and quality 

tests apply to all printed materials, the drying, firing and poling are more specific 
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to the material type. Therefore, the next stage is to identify the variations in the 

processes specific to the University of Southampton standard thick-film process 

and in particular the variations developed for this thesis. 

3.3 Thick-film process parameters used for this study 

The initial process parameters required to fabricate a thick-film PZT layer were 

obtained from previous investigations at Southampton University [75,76]. The 

PZT paste formulations consisting of Morgan Electro Ceramics Ltd. PZT-5H 

powder, a terpineol solvent (ESL 400) and a lead borosilicate glass binder 

(Ferroperm CF7575) provide an adequate starting point for this investigation. 

Throughout the initial stages of this study, the process parameters have been 

precisely controlled to observe any trends in the results. Therefore, the 

piezoelectric properties will not be optimised. This is discussed in more detail in 

chapter 6 where a number of process parameters are investigated to maximise the 

piezoelectric properties of the films. 

3.3.1 Paste mixing 

The PZT paste is formed by mixing PZT and glass powders with a standard 

terpineol thick-film organic vehicle (ESL 400) thereby forming a thixotropic 

paste. Typically, lower glass content pastes (1-5%) require ~5ml of pine oil, 

whilst an increase in glass content (>10%) and smaller particle size (<lpm) 

powders require -lOml of pine oil. The thixotropic nature of the paste will vary 

at different stages during the printing process. This enables it to pass through the 

screen during the printing phase and retain the printed geometry during the 

drying phase. 

The paste is mixed in a container using a spatula. Once mixed, it is transferred 

to a laboratory scale triple roll mill. The paste was then collected in a clean 

container and stored ready for printing. The use of a triple roll mill is an 

important factor in obtaining a consistent, repeatable paste since it evenly 
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distributes the glass amongst the PZT. The triple roll mill gives the paste a 

smooth texture that is ideal for the printing process. The powder mixing was 

conducted in the Southampton University Microelectronics Centre class 100 

clean room. Mixing in a clean room helps to further reduce any inconsistencies 

in the pastes due to dust and other contaminants. 

3.3.2 Printing on alumina substrates 

The pastes are printed on a Coors ADS 96R 96% alumina substrate [78] using a 

DEK 1750 screen-printer. Alumina is a suitable substrate material for test 

patterns as it is relatively cheap, provides good adhesion for the printed pastes 

and provides a sturdy platform for subsequent measurements and testing. This 

material has been used in commercial thick-film hybrid applications and is 

therefore known to be compatible with a wide range of thick-film pastes. The 

material properties for the alumina substrates are shown in table 3-1 below. 

Property ADS 96R Alumina 

Density 3750kg/m3 

Young's Modulus 331GPa 

Poisson's Ratio &25 

Thermal coefficient of expansion 
8.2xlO-^/°C 

(20-1000°C) 
8.2xlO-^/°C 

Table 3-1: Material properties of ADS 96R Alumina substrate 

The substrates are laser scored to create six equally sized columns. The substrate 

can easily be snapped along the score lines, which can be done before or after 

firing. This enables the splitting of substrates so that a set of samples can be 

printed together but then dried or fired individually where required. 
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3.3.3 Screen design 

The prototype design is a planar capacitor structure shown in figure 3.3. This 

structure was chosen because it is suitable for easy measurement of dsŝ f as 

discussed in section 2.2.4. Three electrode materials have been used in the 

investigations: ESL 9633B silver/palladium, ESL 1110-S silver polymer and 

ESL 8836 gold thick-film pastes. 

Top Electrode 

PZT paste 

Bottom Electrode 

Underside 
Electrode 

Alumina 
Substrate 

Figure 3.3 Typical layout for a single piezoelectric device used. 

Each material layer has an individual screen design. For measuring dssj on the 

Take-Control piezometer (discussed in chapter 4.2) it was necessary to add an 

underside electrode to the substrates. This was performed by printing the top 

electrode screen design on the underside of the substrate. The printing process 

was performed in the Southampton University Microelectronics Centre class 100 

clean room 

The screen design produces 18 devices per substrate. The substrates are laser-

scribed to facilitate separation of the devices. Three devices (one column) were 

removed per printing batch for later observation with the scanning electron 

microscope (SEM). Figure 3.4 shows a completed substrate. 

The PZT layer is a square with dimensions of 1.1cm by 1.1cm. The substrates 

used are 102mm by 102mm with an average thickness of 635|Lim. 

60 



Thick-film piezoelectric material processing 61 

Figure 3.4: Layout of the printed devices 

3.3.4 Drying and firing process 

After printing, the thick-film layers were allowed to settle for 10 minutes before 

being dried in a DEK 1209 IR drier at 140°C for 10 minutes. The settling time 

allows for the printed paste to relax which can remove the impression of the 

screen mesh in the print. The IR drier is used to evaporate the majority of the 

organic carrier used in the screen printable pastes, leaving a solid but unsintered 

film prior to the firing process. This is a key step and is essential in ensuring a 

good quality fired film. 

Once dried, the films are subsequently fired on a thick-film belt furnace. A 

typical furnace profile, known as Dupont 60, is shown in table 3-2. This profile 

has been previously identified as suitable for use in firing PZT and electrode 

materials [76]. Each furnace stage is 5 minutes 40 seconds long. 

Stage 1 2 3 4 5 6 

"IbmpfQ 1 350 600 885 883 890 870 

Table 3-2: Dupont 60 furnace firing profile. 
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Upon removal from the furnace, two standard thick-film tests were conducted to 

check the film quality. These were the scratch and tape test covered in section 

3.2.6. In addition, the films were visually inspected to ensure there were no 

smudges or anomalies. 

Once a layer has been fired, the next layer can be printed on top. The substrate is 

covered with tape and then a few trial prints are made to align the next screen to 

the previous layer. Once aligned, the next layer is printed with sufficient print 

passes to gain an even covering of the paste over the print area. 

The underside electrode was printed then dried, subsequently the bottom 

electrode was printed and dried. Both layers were then co-fired to save time. 

It was found that one fired layer of PZT was insufficient to prevent the devices 

short-circuiting. Therefore, all subsequent PZT layers were printed, dried and 

then another PZT layer printed and dried directly on top. These two dried PZT 

layers were subsequently co-fired. Unless otherwise stated, this printing method 

is considered to be a single PZT layer throughout the thesis. This problem is 

further explored in section 6.2.1 

Following the firing of the PZT layer, the top electrode was printed. Because the 

PZT layer was thick, the gap size was increased and the top electrode would 

often require 2-3 print passes. This ensured a continuous conductive path over 

the step from the top of the PZT layer to the substrate. This top electrode was 

then dried and fired in the same manner as the other layers. 

3.3.5 Poling process 

Before applying the polarisation field, it is important to determine the suitability 

of the films for polarisation. The suitability for poling is confirmed using a 

Fluke 73 digital multi-meter (DMM) to determine the resistance of the films. An 

ideal film should have a high resistance, above 5MO. Any device that produces 
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a low resistance or a short-circuit can be considered to be defective and not 

included in the poling process. These defections are a result of poor print 

coverage, possible contamination or electrode material migration. 

To enable comparison between devices they were all poled with a field of 

4MV/m applied across the electrodes. Previous studies [76] have shown that 

whilst the devices can sustain higher field strengths than this, this is a reasonable 

optimum value. 

The calculation of the applied voltage required to maintain this field strength 

assumed a uniform thickness of the PZT layer across the substrate. In practice, 

this would not be the case. However, for continuity and ease of experimentation, 

the thickness of the top left sample for each substrate was measured and from 

this the voltage calculated using equation 3.1. 

Field strength ^ 

PZT thickness 

4x10®X(PZT thickness) = applied voltage [3.1] 

Once the poling voltage was determined, each of the devices on the substrate 

was connected in parallel. All the top electrodes were connected to the ground 

connection on the poling rig with all the bottom electrodes connected to the live 

connection. This is good practice because it means that the any external 

electrical interference will be grounded. 

The substrate being poled was placed on a hot plate and heated to 150°C. The 

voltage was applied gradually until the desired electric field strength was 

achieved. Initially, the samples were poled for 30 minutes at this temperature. 

At the end of the polarisation time, the substrate was allowed to cool for a further 

30 minutes. Once the substrate had cooled the electric field was removed. 

Subsequent tests showed that by using a fan to assist in the cooling process the 

cooling time could be reduced to 5 minutes with no reduction in piezoelectric 

properties. 
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3.3.6 Post processing 

Once the samples were poled, it was necessary to prepare them for use with the 

measuring rig, discussed in chapter 4. The devices on each substrate were 

labelled and then the columns were separated along the score lines. The columns 

were then scribed to enable measurement of each individual device. To make the 

devices compatible with the PM35 Piezometer, described in chapter 4, it was 

necessary to connect the bottom electrode of the device with the underside 

electrode. This connection was made using a silver conductive paint 

(Electrolube 03B) which was applied to the substrate and then cured for 10 

minutes in air. This provided a low resistance, <1Q, connection between the two 

electrodes that showed no reduction in measurements compared to a soldered 

wire. All measurements were taken 24 hours from the end of the polarisation 

process unless otherwise stated. This delay in measurement allows for the 

material values to settle to more consistent levels as the dipoles experience a 

degree of re-alignment and the material properties change. 

3.3.7 Summary 

This section has highlighted the changes to the standard thick-film process that 

have been incorporated within this study. The printing methods and parameters 

used describe the initial stages of the study and are used as the platform for other 

developments in the printing order, process and parameters. The further 

improvements and developments in the later stages of the study are discussed in 

detail in the following chapters. 

3.4 Conclusions 

This chapter has described the details of the thick-film screen-printing process 

and the current process used at the University of Southampton. The review of 

the process has shown that there has been very little work in the area of powder 

composition, milling and particle size and their effect on the piezoelectric 

properties. The levels of glass frit used in the sintering process and the optimum 
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formulation have not been fully investigated and depend mainly on the principle 

that the best results are achieved with the lowest amount possible. 

There has only been minimal research in the area of processing the films. This 

includes the type of electrode materials, the furnace profiles and, in particular, 

the optimum poling parameters for the completed devices. 

The chapter has shown that there is a broad scope for improvement of the 

piezoelectric activity of screen-printed PZT-5H thick-films. The remainder of 

this thesis will focus on the main areas in which the piezoelectric activity of the 

material can be improved. These areas are: 

• PZT milling process. 

• Paste composition, percentages of glass and PZT. 

• Increasing the density of the PZT layer. 

• Furnace firing profile. 

• Electrode materials. 

• Polarisation process, time, temperature and field strength. 

• Print structure, i.e. multiple PZT layers. 
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4 Evaluation of daa.f measurement techniques 

4.1 Introduction 

The poling process induces piezoelectric behaviour into the thick-film material. 

To determine the level of piezoelectric activity within the poled film and to 

evaluate the effect of any changes in composition or processing, it is necessary to 

measure the piezoelectric properties of the film. This thesis focuses on the thick-

film piezoelectric strain constant 633,f as a property that best describes the level 

of piezoelectric activity. Therefore, to evaluate any improvements in the films it 

is necessary to obtain a measurement technique that will provide consistent and 

repeatable results. 

This chapter evaluates two available dsŝ f measurement systems with their 

relevant merits, ending with a critique of the two systems for their use in this 

study. Finally conclusions are made and a system chosen for all future 633,f 

measurements for this study. 

4.2 Piezoelectric constant, dasf, measurement comparisons 

There are a number of alternative techniques for measuring the piezoelectric 

strain constant 633, discussed in section 2.2.4. The most common technique is 

the direct method, applying a force to the piezoceramic and measuring the charge 

generated, often called the Berlincourt method. Alternatives, using the indirect 

method, include the use of interferometers or atomic force microscopy to 

measure the displacement of the film when a voltage is applied [79]. The 

indirect method typically provides a more accurate representation of the 

materials performance in a practical application. However, the measurements 

can be susceptible to background vibrations and environmental noise and are 

typically unsuitable for batch measurement. Conversely, commercially available 

'Berlincourt' piezometers are simple to operate and are typically used in batch 
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processing. Care must be taken when using the direct method to minimise the 

effect of substrate bending on the measured dssj, this is discussed in more detail 

in section 4.3. 

The observation of any significant change in the dgsj value requires the ability to 

accurately measure the difference that each change in PZT formulation makes to 

the piezoelectric activity of the film. A comparison of the available 

measurement options, the Take-Control piezometer [80] and the University of 

Southampton dgg measurement rig [81], was therefore conducted. The criterion 

of this evaluation was the establishment of a repeatable measurement technique 

that would be suitable for the volume of devices to be measured, whilst 

maintaining sufficient accuracy. 

4.2.1 Take-Control PM35 Piezometer 

The Take-Control PM35 piezometer is designed primarily to measure the dss 

constant for bulk piezoceramics and not thick film devices. However, with 

consideration of the substrate bending it can be used for measuring thick-film 

samples. The piezometer is a dynamic measurement technique and works by 

subjecting the sample under test to an oscillating force applied by an 

electromagnetic transducer. This force is preset to O.IN and the charge 

generated by the sample is measured through a differential amplifier in order to 

determine the dss coefficient. 

Clamping 
arm 

Piezoceramic 
sample 

Oscillating 
transducer 

Figure 4.1: The Take-Control PM35 piezometer [80]. 
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Figure 4.1 shows the PM35 piezometer with a bulk sample under test. The 

sample is placed between the two points of the oscillating transducer and the 

clamping arm. The sample must only be clamped to the point at which contact is 

made and the sample cannot move freely. A difference in measured dgg of 5% 

has been reported if the sample is over or under-tightened [82]. 

The thick-film devices under test were modified with a connection to the 

underside electrode of the test piezometer to measure the dss of the sample, as 

discussed in section 3.3.3. All measurements were taken using a frequency 

setting of 97Hz because the documentation indicates that this value minimises 

electrical interference. 

4.2.2 University of Southampton das measurement system 

A similar measurement system for determining dss was developed at the 

University of Southampton (UoS). This method measures the charge generated 

by the device under test when a fixed load is removed [81]. The equipment 

consists of a Precisa 1600C electronic weighing scales to measure the force on 

the device when it is removed, a charge amplifier to amplify the charge produced 

by the device and a storage oscilloscope as shown in figure 4.2. 

Weight 

Force 

PZT Sample 

Electronic 
Scales 

Display 

J L i L 

Charge 
Amplifier 

Figure 4.2: University of Southampton 633 measurement rig. 
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The system is a static method, one reading is obtained each time the weight is 

removed from the sample under test. It is considered that this method will 

produce higher dss and dgsj values compared to the PM35 piezometer. This is 

because the piezoceramic is able to return to the pre-stressed dimensional height 

when the load is released. Therefore, a greater strain, and consequently a greater 

charge, will be generated than with the dynamic method PM35 where the 

piezoceramic is rapidly compressed and uncompressed over time. Typically 15 

measurements were taken per device then an average value recorded. The 

formula to calculate the dgg from the voltage output and the mass measured by 

the scales is shown in equation 4.1. 

Coulombs Amp setting# V „ 
cL, = » !- [4.1] 

Newton 9.81*g*10 

Where, 

Amp setting = amplitude setting on the charge amplifier. 

V = the recorded output voltage difference. 

g = mass in grams measured using scales. 

d33 = the piezoelectric constant. 

The charge amplifier was typically set to 200x10 C/V meaning that one volt on 

the output was equivalent to 200 pC. 

4.2.3 Experimental procedure and results 

Five PZT-5H type thick-film devices and two bulk devices, PZT-4D and PZT-

5A, supplied by Morgan Electro Ceramics Ltd. were measured using both 

methods. The thick-film samples were made from a batch of PZT-5H powder 

and 5% by weight of CF7575 lead borosilicate glass used in previous studies 

[81]. These powders were mixed outside of the clean room with no milling of 

the paste. The devices were poled with a 4MV/m electric field. 
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PM35 Piezometer 

The samples were measured using the PM35 piezometer measurements first and 

their 633 values were recorded. An average over six readings per sample was 

recorded. The results are shown in table 4-1 below. 

Device Piezometer (pC/N) 

4D Bulk 314^ 

5A Bulk 37&6 

Thick Film Sample 1 1L8 

Thick Film Sample 2 15^ 

Thick Film Sample 3 20.0 

Thick Film Sample 4 25^ 

Thick Film Sample 5 13/4 

Table 4-1: dss/dssj measurements using Take-Control piezometer 

UoS measurement system 

The samples were subsequently measured using the UoS measurement system, 

15 measurements were taken per bulk sample and 20 measurements per thick-

film sample due to a wide variance in measurements. Table 4-2 below shows the 

d33 results obtained from the UoS measuring system. 

Sample UoS system (pC/N) 

4D Bulk 25&2 

5A Bulk 454T 

Thick Film Sample 2 17.9 

Thick Film Sample 3 20/2 

Thick Film Sample 4 2&2 

Thick Film Sample 5 17.5 

Table 4-2: dss/dss.f measurements using UoS measurement system. 
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The percentage differences between the two measurement methods for each 

sample can be seen in table 4-3 below. 

Sample 
Piezometer 

(pC/N) 
University 

(pC/N) 
Percentage 
difference 

4D Bulk 314/2 25&2 -17.8% 

5A Bulk 37&6 454.1 19.9% 

Thick Film Sample 2 15^ 1%9 19.3% 

Thick Film Sample 3 20.0 20^ 1% 

Thick Film Sample 4 25^ 2&2 10.2% 

Thick Film Sample 5 134 17.5 30.6% 

Table 4-3; Comparison of dss/dgsj measurements. 

To determine the consistency between measurements for each measurement 

system, the percentage standard deviation was calculated. The percentage 

standard deviations of the individual measurements made for each device are 

shown in table 4-4. These were calculated using the Excel spreadsheet command 

STDEVP. This command gives the standard deviation of the full population of 

the results and is the recommended calculation tool for this type of sample set. 

Sample 
Piezometer standard 

deviation (%) 
UoS standard 
deviation (%) 

4D Bulk 2.2 2.6 

5A Bulk 2.3 9 

Thick Film Sample 2 7.7 20 

Thick Film Sample 3 6.5 1%3 

Thick Film Sample 4 6.7 14^ 

Thick Film Sample 5 14T 2L4 

Table 4-4: Comparison of standard deviations per measurement of dss/dss^f for 
each device. 
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4.2.4 Discussion of results 

The results confirm the advantages and disadvantages of the two measurement 

systems. The PM35 piezometer produces the most consistent results (average 

8.7% deviation compared to 18.3% for UoS) whilst the UoS system produces the 

highest d33,f values (average 21pC/N compared to 18.5pC/N for PM35). The 

reasons for the lower 633,f values observed when using the PM35 compared to the 

UoS system are believed to be due to the reduced relaxation time between 

measurements. The UoS static method produced dsŝ f values 15.3%, on average, 

higher than the dynamic PM35 method. 

The PM35 piezometer is easier to operate and provides greater repeatability 

between measurements of the same sample. This is an essential factor when 

attempting to observe trends in the piezoelectric properties of the films between 

material and process changes. Therefore, it was decided that all future 

measurements throughout the thesis would be performed using the PM35 

piezometer. 

In addition to the measurement comparisons, this study has provided the initial 

data concerning the current level of the piezoelectric activity achieved with PZT-

5H thick-films. The PM35 results show the average value of 633,f for the thick-

film devices is 18.5pC/N, with a percentage standard deviation for the batch of 

26%. These results show there is a broad scope for improvement both in terms 

of piezoelectric activity and repeatability between samples of the same batch. 

4.3 Substrate clamping effects 

The results in section 4.2.3 have shown that the d33,f values measured are far 

lower than the stated value of d33=593pC/N for bulk PZT-5H. Optimum 

piezoelectric behaviour is obtained when the piezoceramic is unconstrained in all 

directions. Thick-film piezoelectric elements, however, are rigidly clamped on 

one face to a substrate. This constraint limits the movement of the PZT layer as 

it attempts to expand or contract when a force or voltage is applied. Previous 
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work [83,84,85] has investigated the internal stresses and boundary conditions 

for thin-film ferroelectrics but has not directly related these effects to bulk 

devices and the reduction in piezoelectric properties observed. This section 

conducts an experimental comparison of both constrained and unconstrained 

bulk PZT-5H samples and relates the analysis to thick-film piezoelectric layers. 

The results are compared with theoretical analysis presented in previous studies 

[86,87,88] to determine the amount by which the clamping effect reduces the 

effective coefficient of the printed PZT layer. 

4.3.1 Theoretical evaluation of clamping effects 

The direct and indirect method of measuring the piezoelectric coefficient are 

obtained from the relationships between charge, induced strain and induced 

stress on the piezoceramic [10]. Equations 4.2 and 4.3 are defined as the 

piezoelectric constitutive equations. 

S.=s:pTp-Hdj.E, [4.2] Dj=d. .T.+E;Ej [4.3] 

a,P = l,2,..6 i,j = 1,2,3 

Where S, T, D and E are strain, stress (Nm"^), electric displacement (Cm"^) and 

electric field (Vm"'), and s, d and e are compliance (m^N"'), piezoelectric 

constant (Cm"') and dielectric constant (Fm"') respectively. The superscript ^ and 

^ indicate a constant electric field and constant stress respectively. 

The overall strain on the device, given in equation 4.2, can be obtained by 

applying a force to the PZT and inducing a strain or by applying an electric field 

and creating a strain. Thus equation 4.2 is derived from the sum of the 

mechanically induced strain and the electrically induced strain. 

The electric displacement D is defined by equation 4.3 and is equivalent to the 

charge developed by the piezoelectric properties of the ceramic and the 

capacitive effect due to the device having a capacitive structure of two electrodes 

and a dielectric. 
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Appendix A shows how these equations can be presented in their matrix form to 

derive equations for strain and electric displacement. The resulting direct and 

indirect equations for dss can be derived with consideration of the boundary 

conditions affecting this result with the sample attached to a substrate. From 

these equations it is possible to derive a thick film dss.f equation that considers 

the effect of the substrate clamping on the deflection of the piezoceramic, 

equation 4.4. 

{ r 

T 
= = d â + 2d3i 

V sub 

Y 
V sub y 

1̂3 

(Sn+Sn) 
[4.4] 

Equation 4.4 gives the dssj that would be measured as a result of the substrate 

clamping effects where Vsub is Poisson's ratio and Ysub is Young's modulus. 

Because dsi is a negative coefficient, the equation shows that the clamping 

causes restriction in the lateral plane of the device by restricting expansion when 

a force is applied. 

The values for PZT-5H were obtained from Morgan Electro Ceramics and 

Efunda [11,89]. The values of Poisson's ratio and Young's modulus for the 

alumina substrate were obtained from Hybrid Laser-tech Ltd [78]. 

Y,, ,=331GPa 

s® -

QE _ 
1̂2 ~ 

'13 

16.4 X 

-4.78 X 

-8.45 X 

Substituting these values into equation 4.4 gives equation 4.5. 

d33,f=d33+l-33d3, [4.5] 
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From the Morgan Electro Ceramics data book, the typical values for 633 and dsi 

are 593pC/N and -274pC/N respectively. Therefore the typical measured daŝ f 

values for thick film PZT-5H material should be approximately 227.76pC/N. 

This is a relatively simple equation and does not consider the shear effects, other 

bending modes or any clamping effects the top electrode may have if it is also 

attached to the substrate. 

4.3.2 Practical measurement of the clamping effects 

Thick-film samples cannot be used to demonstrate equation 4.4 because it is 

impractical to remove the devices from the substrate for direct measurement of 

dss. Therefore, thin bulk samples from Morgan Electro Ceramics product range 

were attached to a substrate to observe the effects on the measured dss. 

Five metalised bulk 5H-type PZT discs (average thickness 220)im and 9.6mm 

diameter) were obtained from Morgan Electro Ceramics and their dsa coefficient 

measured. These were fully processed bulk piezoceramics that had been 

previously fired and poled by Morgan Electro Ceramics. The 5 discs were de-

poled by heating them above the Curie temperature and then re-poled at Morgan 

Electro Ceramics factory using a proprietary poling process. The dss value was 

then measured for each disc, this provided a reference point for the undamped 

disc. The bulk samples were then bonded to a 0.64mm thick 96% alumina 

substrate. An ESL 9633B silver-palladium electrode was printed on the 

substrates and the bulk discs placed on the wet printed pastes. The samples were 

dried in a DEK 1209 IR drier and fired with an 890°C peak temperature furnace 

profile. The silver-palladium film provides an electrical connection to the base 

of the disc and simultaneously ensures a rigid bond to the substrate. The plane 

view of the assembled samples is shown in figure 4.3. 
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Figure 4.3: Sample design layout for substrate, electrode and PZT disc. 

Because the furnace temperature is above the Curie temperature of 5H-type PZT, 

it was necessary to re-pole the discs once fired. The samples were re-poled at 

Morgan Electro Ceramics factory with identical parameters as used pre-firing to 

ensure consistency with the poling level and decay time, therefore enabling a 

direct comparison between the undamped and clamped dss. In addition it 

ensures that any reduction in dss will be known to be due to the clamping effects 

rather than the device not obtaining polarisation saturation which would also 

result in a lower dgg. The dss values before and after clamping were measured 

using a Take Control PM35 piezometer, 5 measurements were taken for each 

sample with a frequency setting of 97Hz. 

4.3.3 Results 

The thickness measurements and the applied voltage for each sample are shown 

in table 4-5. The results obtained are shown in figure 4.4 and depict a 

comparison between the theoretical values given by equation 4.4 and those 

measured values using the Take Control PM35 piezometer. 
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Sample Thickness 
Measured 
Bulk d33 
(pC/N) 

Theory 
d33 

(pC/N) 

Measured 
Clamped 

d33 (pC/N) 

Calculated 
dsi (pC/N) 

5H-1 226pm 5416 211 124.6 -251 

5EL2 216(im 5204 202 122/1 -240 

5H-3 214pm 55^4 217 153.8 -258 

5H-4 196pm 47^4 186 1644 -221 

5H-5 222pm 53&8 209 125X5 -249 

Table 4-5: Theoretical and measured dss results 

The values used for dgi in equation 4.5 were calculated as a ratio of the data 

sheet value for dsi compared to the measured value of daa. This assumes the dss 

and dsi would have changed proportionally. The theoretical value for 633,f was 

calculated using equation 4.5 with the value for dss being the measured bulk 

device. 

Figure 4.4 shows a comparison between the undamped bulk devices, theoretical 

values given by equation 4.5 and the measured values once the disc was attached 

to the substrate and re-poled. These results show an average undamped dss of 

529pC/N and an average clamped value, dggj, of 138pC/N giving a 74% 

reduction. 
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Figure 4.4: Comparison of theoretical and measured values for damped dsg. 
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4.3.4 Discussion of results 

Table 4-5 and figure 4.4 show that clamping a piezoceramic to a substrate 

reduces measured dgs. The clamped 5H samples have -32% lower measured das 

than the theoretical values obtained from equation 4.5. This further reduction of 

d33 could be attributed to the lead loss experienced by the PZT layer when fired 

in the belt furnace. However, the firing temperature was only slightly above that 

at which lead migration occurs and therefore unlikely to have a large influence 

on the stoichiometry of the bulk device. This would indicate that any change in 

the domain structure of the bulk device would be minimal but could be a factor 

in the extra reduction observed. 

Another contributing factor is that, despite the poling parameters before and after 

clamping being identical, the effect of the applied poling field after clamping is 

reduced. The electric dipoles within the ceramic cannot align to the same degree 

as an undamped bulk ceramic when the poling field is applied because the 

associated deformation of the device is restricted by the substrate. This effect 

means that the polarisation saturation point in the bulk device is reduced, thus 

causing an overall reduction in the piezoelectric activity. Another possible 

source for error is that the theoretical calculation ignores the shear effects within 

the film structure, which in practice could be introducing a further negative 

effect on the measured piezoelectric activity. Reductions in dsa due to grain size 

or size related domain structure transitions [90,91] are believed to be minimal 

because the bulk disc was already fully sintered before being clamped to the 

substrate, as evidenced by the high dss measurements before clamping. 

4.4 Conclusions 

Section 4.3 has confirmed that the addition of a substrate to a piezoceramic has 

significant effects on the measured dss value, dssj. The clamping effect equation, 

equation 4.5, has been shown to be valid with the measured results showing a 

significant reduction in dss as predicted. For the bulk PZT-5H devices, a 

reduction of average values from 529pC/N to 139pC/N was observed. This 
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gives an approximate reduction of 74% in measured dss when a substrate is 

required. This result is significant because it provides an indication for the 

maximum achievable d33,f for a particular PZT type and substrate combination. 

This is important when considering which powder and process combinations to 

use when designing devices for a particular application. This is of direct 

relevance to work on thick-film devices where the measured dgsj value is 

considerably lower than the dg] value of bulk devices. These results give an 

estimation of the proportion of the reduction due to the clamping effect and that 

due to processing and material differences between bulk and thick-film devices. 

The result from equation 4.5 suggests the maximum achievable dssj, when using 

an alumina substrate, would be 227.76pC/N. This value provides an aim for the 

development of the current piezoelectric level of 18.5pC/N. The thick-film PZT-

5H will not be able to achieve a d33,f as high as the theory suggests because of the 

reduced firing temperatures and the absence of bulk sintering. However, the 

difference in current and theoretical values shows there is a broad scope for 

improvement. 

To validate any improvements in the dssj value it is important to obtain a reliable 

measurement procedure. Table 4-4 shows that the dsŝ f results obtained from the 

Take-Control piezometer have a lower standard deviation than those obtained 

from the University of Southampton dgg measurement rig. With average 

standard deviations of 8.7% and 18.3% respectively for the thick-film devices 

between measurements. In addition, the advantage of the PM35 piezometer is 

the speed and ease in which multiple measurements can be obtained compared 

with the UoS system. 

The PM35 piezometer provides consistent and repeatable results. Therefore, it 

will be used to identify trends in the dssj coefficient for the different materials in 

the next stage of the research. 
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5 Optimisation of dssfi effects of milling type and 
percentage of glass frit 

5.1 Introduction 

This chapter covers the initial stages of the investigation into improving the dssj 

values given in chapter 4. The results in chapter 4 showed that the maximum 

d33,f from the original PZT-5H samples had an average dgsj value of 18.5 pC/N 

and a standard deviation of 26% between samples. The next stage in the study is 

aimed at increasing the average 633,f value, and reducing the standard deviation. 

Further development of thick-film PZT-5H devices requires a study of the main 

components of the paste that forms the thick-film ceramics. 

These are: 

• The percentages of lead, zirconate and titanate that form the PZT 

compound. 

• The particle size and milling process of the PZT compound. 

• The percentage of glass frit. 

• The quantity of vehicle used to form suitably viscous paste. 

The composition of the PZT-5H powder is controlled by Morgan Electro 

Ceramics. Changes in this composition are beyond the scope of this thesis. 

Therefore, the particle size, milling process and the percentage of glass were the 

focus of this study. Whilst investigating these parameters it was essential the 

printing and poling remained consistent to confirm any trends in the results. At 

this stage of the study, the devices were all dried, fired and later poled using the 

same process parameters. 

It is important to note that when describing the firing process the PZT layer does 

not experience sintering comparable to an equivalent bulk PZT device. 
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However, in this study, sintering is defined as the sintering of the glass particles 

and the bonding matrix formed with the PZT particles. 

5.2 Powder milling process 

The initial experiments were conducted using PZT 5H powders of the same 

PbZrxTii-xOs composition (where x is a propriety figure of Morgan Electro 

Ceramics Ltd.). The particle size is determined by the process in which the PZT 

compound is milled. In this case Ball milled. Jet milled, Attritor Milled once and 

Attritor milled three times [92] have been investigated. 

Ball milling process 

The ball milling process involves the PZT materials being mixed in a slurry and 

tumbled or shaken with a suitable milling media such as sand, steel, zirconia or 

alumina in a horizontally rotating mill. This process is defined as a soft process 

due to the nature and speed of the mill and results in smooth particles. 

Jet milling process 

Jet milling involves the powder being inserted into the mill at a controlled rate 

where it is introduced to high-pressure jets of air. As the powder travels in the 

air stream, the particles collide and wear against themselves in an abrasive 

process. The mill is constructed in such a way that when the particles have been 

sufficiently reduced in size they drop out of the mill. This process produces fine 

particles but they exhibit uneven edges in comparison to the ball milled powder. 

Attritor milling process 

Attritor milling is a similar process to ball milling but instead of the mill itself 

rotating it has a vertical shaft that rotates inside. It is used both to reduce the size 

of the existing particles and primarily to produce a more uniform size 

distribution. It is standard practice to feed the resultant milled powder back into 
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the mill to achieve a tighter distribution. This investigation has evaluated 

powders that have been attritor milled once and three times. These are 

subsequently denoted as attritorl and attritorS respectively. 

5.2.1 Particle size distribution 

All particle distributions were measured using a Malvern Mastersizer X [93] at 

Morgan Electro Ceramics. This instrument uses Low Angle Laser Light 

Scattering (LALLS) or laser diffraction. A Helium-Neon (HeNe) laser is used in 

conjunction with a Fourier lens to detect the light scattered by the powder 

particles in a solution. A change in particle size affects the amount of light 

diffraction. This data is then correlated to produce a particle size distribution for 

the powder sample. 

The four PZT-5H powders: ball, jet, attritorl and attritor3 milled were measured 

using the Mastersizer. The resulting particle distributions are shown in figure 

5.1. The powder distributions give an average particle size of 2, 4.3, 1.2 and 

Ipim respectively. 

Bal l m i l l e d 
V o l u m e ( % ) 

Jet milled 
Volume (%) 

A t t r i t o r 1 mi l l ed 

1 ,0 1 0 . 0 

P a r t i c l e D i a m e t e r (|-tai) 

V o l u m e ( % ) 
Attritor 3 milled 

1.0 10.0 

Particle Diameter (lim) 

Volume ( % ) 

Pa r t i c l e D i a m e t e r ( | i m ) Particle D i a m e t e r (IJm) 

Figure 5.1: Particle size distributions for ball, jet, attritorl and attritor3 milled 
powders respectively. 
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Ferro CF7575 lead borosilicate glass was selected as the binder for this study. 

The glass frit is commonly used in commercial thick-film pastes and has a 

suitable devitrifying temperature for the firing profile, Dupont60, used at this 

stage of the study. The core values of CF7575 are given in table 5-1 below. 

Property Ferro CF7575 

Devitrifying temperature 460°C 

Softening point 370°C 

Thermal coefficient of 
expansion 

8.9*10'^/°C 

Density 6200kg/m 

Table 5-1: Core properties of Ferro CF7575 glass frit. 

Figure 5.2 shows the particle size distribution for the CF7575 glass frit. The 

graph shows an average particle size of 10.2|im. 

CF7575 

0 w 
Particle Diameter (|im) 

Figure 5.2: Particle size distribution for CF7575 lead borosilicate glass. 

5.3 Percentage of Glass frit 

The CF7575 glass frit is a binding matrix in the thick-film process. During 

firing, the glass melts and forms a bond with the PZT particles upon cooling. If 

the glass content is too low then the film will be poorly sintered and the 

mechanical quality of the film will be weak, thus reducing dssj. If the glass 

content is too high, the piezoelectric properties of the fired film will be reduced 
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because the amount of active material in the film is reduced. Therefore, it is 

beneficial to determine the minimum amount of glass content that will produce 

the highest piezoelectric response. However, sufficient glass must be added to 

ensure adequate sintering and good mechanical coupling of the film. 

This study investigated 5%, 10%, 15% and 20% percentage weights of CF7575 

lead borosilicate glass. The glass percentages will combine with the four milled 

powder types to give a range of 16 different batches from which to observe any 

change in piezoelectric activities. The piezoelectric activity of these batches will 

provide an indication of the optimum percentages of glass and the effects of the 

powder milling process. Table 5-2 shows the set of batches. Each batch 

consisting of 20g of PZT and glass combination, the details of which are shown 

below. 

PZT-5H 
milling Label 

Percentage of lead borosilicate CF7575 (glass frit) 

process 
5% 10% 15% 20% 

PZT Glass PZT Glass PZT Glass PZT Glass 

Ball 
Milled 

B 19g Ig 18g 2g 17g 3g 16g 4g 

Jet Milled J 19g Ig 18g 2g 17g 3g 16g 4g 

Attntor 
milled 

Attl 19g Ig 18g 2g 17g 3g 16g 4g 

Attritor 
milled 3 

times 
Att3 19g Ig 18g 2g 17g 3g 16g 4g 

Table 5-2: Pastes and their percentage components for initial tests. 

Table 5-2 also introduces the notation that will henceforth be used to describe 

each batch and devices from the batch. The label defines the milling type used, 

B, J, Attl, Att3 define ball, jet, attritor and attritor3 milled powders respectively. 

The percentage of glass used will be a prefix, for example a 15% by weight jet 

milled batch will be 15J, device 12 from this batch will be 15J(12). This 

notation is for the individual devices, for the batch the notation would be '15% 
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Jet', which defines the batch of jet milled powders with 15% content by weight 

of CF7575 glass. 

Three more examples: 

5% glass with attritor milled 3 times powder, device number 7 will be: 5Att3(7). 

20% glass with ball milled powder, device number 20 will be; 20B(20). 

15% glass with attritor milled 3 times powder batch will be: 15% Att3 

5.4 Processing 

The processing of each of the powder combinations into pastes and subsequent 

screen-printing of the devices was conducted as described in section 3.3. All 

layers were fired with the Dupont60 furnace profile, table 3-2. 

Each device in this study used ESL 9633B silver/palladium electrodes. This 

cermet paste is low migration silver and is a more cost effective material for the 

volume of samples required. For an industrial process gold would be used for 

the electrodes to remove the possibility of metal migration into the PZT layer. 

The thickness values were measured for each device and they were subsequently 

poled with an applied field of 4MV/m, for 30 minutes at 150°C. Once the poling 

process is finished it was necessary to prepare the devices for the measurement 

process. As discussed in section 3.3.3, an extra underside electrode was printed 

for all devices to provide compatibility with the PM35 piezometer. Once all the 

substrates were broken into individual devices the bottom electrode was 

connected to the underside electrode. This connection was initially a wire 

soldered between the two electrodes but later a silver conductive paint 

(Electrolube 03B) was used. The connection was painted on and cured in air for 

10 minutes. This reduced the overall processing time of the samples 

significantly with no observed reduction in measured dssj. 
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A marking system on each substrate sample was used, shown in figure 5.3. This 

system was used in conjunction with that described in section 5.3. The number 

system was included on the samples where one column was removed in the clean 

room. This meant that a comparison of results by substrate position could still be 

made for these substrates. 

13 14 15 16 17 18 

7 8 9 10 11 12 

1 2 3 4 5 6 

Figure 5.3: Device number orientation on the substrate. 

5.5 Measurement results 

The d33,f measurements were conducted using the PM35 piezometer. Each 

device was measured in turn, with time allowed for settling. Five measurements 

were recorded per device and the average dggj value was calculated. The 

measurements were taken as consistently as possible, with the devices placed in 

the centre of the two measurement electrodes and identical pressure applied per 

device. 

Due to losses in the printing process, poling and post processing the average 

batch had 26 devices from a potential 33. These losses were mainly due to 

substrate damage in transit and during the scribing procedure. However, these 

produced enough measurements to establish confidence in the results and to 

identify any trends that occurred. 
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Figure 5.4 shows the data obtained from two substrates of each of the ball milled 

pastes. The graph indicates the individual device number that corresponds to 

figure 5.3. 

5% Ball 

10% Ball 

15% Ball 

20% Ball 

30 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 7 18 

Device number 

Figure 5.4: Average dssj for ball milled powder with different percentages of 
glass frit. 

Identical data sets were obtained for each of the batch types and can be found in 

Appendix B. These results are correlated into a single average between the two 

substrates printed for each batch. Figure 5.5 shows the average dss.f values 

calculated using all the obtained results. 
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Glass content (%wt.) 

20% 

Figure 5.5: Comparison of the average 633,f per batch type. 

To observe the effects of the glass and milling process on the repeatability of the 

pastes the standard deviation was calculated. The standard deviation was 

calculated using the STDEVP function in Excel for each of the batches and 

subsequently calculated as a percentage of the average. The results are shown in 

figure 5.6 below. 

c 
0 
1 
'I 
T5 

« 
T! 
C 

5% 10% 15% 

Glass content (%wt.) 

20% 

Figure 5.6: Standard deviation of dssj values for the different milling types 
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Table 5-3 shows the thickness of the PZT layers for all the substrates, the (1) and 

(2) indicate the substrate number, however, there is no processing difference 

between them. All samples were measured using a Mitutoyo293 micrometer. 

PZT-5H 
Percentage of lead borosilicate (glass frit) 

milling type 
5% 10% 15% 20% 

Ball Milled 
52)im (1) 57pm (1) 55pm (1) 51pm 

Ball Milled 
(2) 70pm (2) 51pm (2) 52pm 

Jet Milled 
(1) 40)im (1) 29pm (1) 23pm (1) 37pm 

Jet Milled 
(2) 35pm (2) 30pm (2) 28 pm (2) 41pm 

Attritor (1) 43|im (1) 51pm (1) 36pm (1) 33pm 

milled (2) 43|im (2) 44pm (2) 37pm (2) 32pm 

Attritor 
milled three 

times 

(1) 44pm (1) 38pm (1) 31pm (1) 38pm Attritor 
milled three 

times (2) 46pm (2) 40pm (2) 41pm (2) 36pm 

Table 5-3: PZT film thickness for all the substrates. 

5.6 Discussion of results 

The results from figure 5.5 and 5.6 show the influence of the glass content on the 

average dssj value and enable a comparison between the powder milling types. 

The consistency shown by the results in figure 5.6 indicate an improvement on 

previous devices with repeatable values for each sample. 

The results show an improvement in the repeatability of the pastes, both 

substrates for each batch type have produced similar values. This would suggest 

that with tighter controls, achievable in commercial processes, the repeatability 

could be further improved. Mixing the pastes in clean room conditions and the 

use of a triple roll mill has contributed to further homogenisation of the paste. 

The increased homogeneity of the pastes allows for smoother, more even prints 

which improves the quality of the fired films. Table 5-3 has shown that the 

majority of the substrates exhibited an average of less than 4p,m difference in 
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thickness compared to the other substrate of its type. These measurements 

confirm the repeatability of the printing process between substrates. 

Figure 5.4 and the data sets in appendix B show that the dssj values are 

consistent across the substrate. This indicates that the position of the device on 

the substrate does not have a significant effect on the daâ f values; these results 

support the claim of the repeatability of the printing process. 

The highest dssj values were obtained using 10% by weight of CF7575 

combined with 90% ball milled PZT-5H (10% ball), giving an average dsŝ f of 

51.5pC/N. However, the most consistent results were obtained using 5% by 

weight of CF7575 and 95% attritorS milled PZT-5H (5% attritorS), giving a 

standard deviation of 2.1% between samples. Figure 5.7 and 5.8 show SEM 

micrographs of a 10% ball and 5% attritorS PZT layer respectively. They are 

both cross-sectional micrographs of the PZT layer at the same magnification 

indicating the size and quality of the films. 

M 

_ _ Southampton Umversily Fil I = 2.526 A 

I EHT= 15.00 kV 
wD = 17 mm 

Figure 5.7; 10% ball cross sectional PZT Layer. 
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Southampton 
Urtversity 
Mfcroelectrc5ntcs 

Fil l= 2.571 A 

EHT= 15.00 kV 
% WD = 8mm 

Figure 5.8: 5% attritorS cross sectional PZT Layer. 

Figure 5.7 shows that the ball milled film is well sintered but contains some 

larger voids which gives the film increased porosity compared to its bulk 

counterpart. This will be a contributing factor to the reduced mechanical 

coupling in the film that results in lower piezoelectric activity. Figure 5.8 

indicates that the attritor films have good mechanical density but that the 

sintering is relatively poor. This is thought to be because of the low 

temperatures used and the size of the glass particles available. The CF7575 has 

an average particle size of 10.18)im, it is believed that as this melts within the 

film it contributes towards the large voids observed within the films. 

91 



Optimisation of d33,f: effects of milling type and percentage of glass frit 92 

r-TT. Southampton •dpu Untvei-sily Mfcroelecironics 
Flll= 1571 A 

EHT = 15.00 kV 
WD = 13 mm 

Figure 5.9: Bulk 5H PZT sample 

Figure 5.9 is a cross sectional look at the PZT layer for a bulk sample of 5H 

material from Morgan Electro Ceramics product range. Figure 5.9 shows that 

the level of sintering for a bulk sample is much greater than the thick-film 

equivalent. The increased density of the film is a result of the bulk sintering that 

occurs with Morgan Electro Ceramics proprietary high temperature firing 

process. In addition, because the temperatures are high enough to cause bulk 

sintering, the films do not require a glass sintering aid and therefore further 

improve the piezoelectric powder loading. 

5.7 Conclusions 

The results obtained in this chapter have revealed a trend for each of the milling 

batches. Each milling type and glass percentage has produced a peak value. 

The ball milled samples produced the highest values but the largest 

deviation from the mean. This result is compliant with the theory discussed in 

section 2.2.1. The larger particles have larger grain boundaries and therefore 
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should provide higher piezoelectric constants. However, the larger particle size 

also leaves larger voids in the fired film and a less homogeneous structure. 

Therefore, there is a greater difference in piezoelectric properties between 

devices. 

The attritor milled samples have produced promising results. The piezoelectric 

properties observed are very consistent compared with other miUing processes 

and the original devices from section 4.4. This consistency is explained by the 

smaller particle size and tighter particle size distribution observed in the powder. 

This produces improved density and homogeneity in the films. Therefore, the 

fired films are more consistent whilst maintaining good mechanical coupling 

which improves the piezoelectric response. 

The jet milled powders have produced the most unexpected results. With 

consideration of the production and measurement errors, the average 633,f values 

for the four jet milled batches have produced similar piezoelectric response. 

Therefore, the results indicate that the piezoelectric properties are independent of 

glass content. It is considered that due to the rough nature of the jet milled 

particles, the lack of homogeneity in the films reduces the influence of the glass 

content. 

The optimum 633,f average, 51.5 pC/N, is produced by the ball milled batch with 

lOwt.% glass frit. The highest dss.f value achieved by the same batch was 58.4 

pC/N. This compares favourably to the results from chapter 4 which show an 

average value of 18.5pC/N for the original samples. This shows a 178% increase 

in measured dsâ f although this is still lower than the predicted optimum of 

227.76pC/N. The standard deviation for the 10% ball samples was 6.2%, which 

is a significant improvement on the original samples deviation of 26% (section 

4.2.4). However, the lowest deviation was produced by the 5% attritorS samples, 

2.1%, with an average dssj of 44.5pC/N. 
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6 Optimisation of dssfi Electrode materials and poling 
parameters 

6.1 Introduction 

This chapter covers a range of further optimisations and investigations building 

on the results obtained in chapter 5. 

Silver migration is a well-known characteristic of silver thick-film materials. 

The migration of silver into the PZT layer has adverse effects on the 

piezoelectric properties of thick-films. The first section of this chapter evaluates 

a silver polymer electrode material that can potentially reduce this migration. 

These experiments also aim to reduce the problems associated with lead lost due 

to evaporation during the firing process. Part of this work considers a lowering 

of the furnace firing temperature. In addition, a set of substrates are fired using 

the bulk PZT-5H firing profile at a Morgan Electro Ceramics factory. 

The second half of the chapter investigates the effects of the poling field on the 

current material and the decay in piezoelectric activity experienced over time. 

Finally, a comparison is made between the poling regime used in this thesis and 

that used for bulk devices by Morgan Electro Ceramics Ltd. 

6.2 Electrode materials 

As discussed in chapters 3 and 5, silver/palladium electrodes were used for all 

the prototype devices because it is cost-effective. However, the disadvantage of 

using this electrode material is the migration of the silver into the PZT layer 

during the firing process, discussed in section 3.2.5. This migration can 

encourage short circuits and reduce the piezoelectric properties of the film. The 

reduced distance between the conductive materials requires lower applied poling 

fields to ensure dielectric breakdown does not occur. As a consequence, the 
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amount of dipole alignment and remnant polarisation within the material is 

reduced. 

Another disadvantage of the silver/palladium electrodes is the requirement of an 

additional firing cycle. Because the electrode is deposited on the previously 

fired PZT layer, the PZT layer is also subjected to an additional firing cycle. 

This additional firing cycle leads to further lead evaporation in the PZT film. 

The increased lead evaporation alters the stoichiometry of the film and 

potentially reduces the piezoelectric properties of the film. 

To remove this additional firing cycle on the PZT layer, a low curing 

temperature silver polymer electrode was investigated. ESL 1110-S silver 

polymer thick-film paste was selected due to its low curing temperature of 

200°C. In addition, the possibility of reducing the firing temperatures was also 

explored. 

6.2.1 Experimental plan and processing 

An alternative to reducing the number of firing cycles the PZT endures, is to 

lower the firing temperature of the PZT layer. This will reduce the level of lead 

evaporation during firing. However, the disadvantage is that the degree of 

sintering at lower temperatures and the adhesion between the film and substrate 

will be reduced. A lower peak firing temperature of 750°C was selected as 

sufficient to melt the glass frit but low enough to avoid lead evaporation. The 

750PK firing profile is shown in table 6-1 

Stage 1 2 3 4 5 6 

Temp (°C) 330 550 750 750 550 350 

Table 6-1: 750PK furnace firing profile 

The results in chapter 5 have shown that the paste with lOwt.% CF7575 and 

90wt.% ball milled PZT-5H produced the highest dsŝ f values. Therefore two 

substrates of this type were printed and dried using the standard process 
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described in this thesis. The underside and bottom electrodes for the substrates 

were silver/palladium and fired using the Dupont60 profile (table 3-2) before the 

PZT layer was printed. 

Once the PZT layer was printed, the two substrates were cleaved in half. One 

half fired using the dupont60 profile and one half fired using the 750PK profile. 

Section 3.3.4 discussed the need for a second PZT layer because of short-circuits 

occurring with a single layer. This is believed to be due to the migration of 

silver into the PZT layer during firing. To test this hypothesis, one half of each 

substrate was only printed with a single PZT layer and subsequently fired. Both 

single and double printed PZT films were fired with a dupont60 profile and the 

750PK furnace profile. Table 6-2 contains the experimental plan. The batch 

labels, with associated furnace profile, number of PZT layers and the electrode 

materials used, are shown. 

Batch label 
Firing 
profile 

Number of 
printed 

PZT layers 
Electrode materials used 

75000 750PK Single 
Silver/palladium bottom -

poly top 
Silver 

750(d) 750PK Double 
Silver/palladium bottom -

poly top 
Silver 

Dup(s) Dupont60 Single 
Silver/palladium bottom -

poly top 
Silver 

Dup(d) Dupont60 Double 
Silver/palladium bottom -

poly top 
Silver 

Table 6-2: Process details for devices in electrode experiments. 

The silver polymer top electrode was printed using the standard process. After 

being allowed to settle for 10 minutes the film was then dried in the IR drier at 

130°C for 10 minutes and then cured in the IR drier for 1 hour at 200°C. The 

silver polymer layer produces a less uniform print compared to the cermet film 

equivalent. Therefore, it was difficult to determine the thickness of the PZT 

layers as precisely. 
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6.2.2 Poling and results 

Once fired, the devices were poled with a 4MV/m field at a temperature of 

150°C for 10 minutes. The dss.f value was subsequently measured using the 

PM35 piezometer and an average over 5 measurements was recorded. Table 6-3 

shows the results obtained for the devices poled successfully. The suffix number 

indicates the position on the substrate as defined in figure 5.3 

Sample Thickness (jim) Field (MV/m) Average d33,f (pC/N) 

750(8)1 37 4 33 

750(d)l 45 4 3 3 4 

Dup(s)l 35 short-circuit N/a 

Dup(d)l 50 4 64.2 

Table 6-3: Average dssj results for electrode experiment devices. 

Comparing the results in table 6-3 with those from chapter 5 it is clear that the 

polymer silver electrode improves the dsŝ f. To confirm these results, three more 

devices from the Dup(d) batch were poled with the results shown in table 6-4. 

Sample Field (MV/m) Average dssf (pC/N) 

Dup(d)l 4 64.2 

Dup(d)2 Short-circuit N/a 

Dup(d)5 4 62 

Dup(d)8 4 6 9 ^ 

Table 6-4: Average dssj results for Dupont60 double PZT layer devices. 

Table 6-4 indicates that the results are repeatable across the substrate and show 

an average d33,f for 10% ball milled samples with a polymer top electrode as 65.1 

pC/N compared with the all silver/palladium electrodes average dggj of 51.5 

pC/N. 
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6.2.3 Discussion of results and conclusions 

The investigations using a polymer top electrode has supported the hypothesis 

that reducing the number of firing cycles that the PZT layer sustains will 

improve piezoelectric properties. The single PZT layer fired at 750°C did not 

experience short-circuiting whilst the PZT layer fired at 890°C did. This result 

suggests that the silver migration from the bottom electrode during firing of the 

PZT layer is significant and exacerbated with an increase in temperature. It is 

possible that the higher temperature results in more pinhole interstices within the 

film that allows short-circuits to occur. The bum off of the organic vehicle could 

create these pinholes. With a double PZT layer print the second layer fills these 

pinholes and the distance between the electrode layers is increased. 

The results show that using a polymer top electrode increases the average d33,f 

from 51.5pC/N to 65.1pC/N. The supposition that reducing the number of firing 

cycles and silver migration would increase the piezoelectric activity of the 

material has been confirmed. The increase in piezoelectric activity is believed to 

be due to the stoichiometry of the film remaining closer to the morphotropic 

phase boundary where the optimal piezoelectric properties lie. In addition, the 

lower Young's modulus associated with a polymer compared to the fired cermet 

film is thought to reduce the clamping effect on the PZT layer. However, the 

influence of the top electrode on the clamping effect will be much lower than 

from the substrate. This reduction in clamping is because the electrode does not 

encapsulate the PZT layer and is coupled to the substrate in a reduced area 

compared to the PZT layer. This suggests that the effect of silver migration is 

significant and that the combination of silver migration and extra firing cycle 

will reduce the 633,f value further. Therefore, for an optimised material attempts 

must be made to reduce or remove these factors. 

The results from the 750PK firing profile show that while a reduced number of 

firing cycles is advantageous, a sufficiently high firing temperature is still 

required. The reduction in 633,f is believed to be because of the reduced sintering 

of the glass frit and mechanical adhesion within the film. In addition, it is 
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believed that insufficient lead will be evaporated to balance the stoichiometry of 

the film to the optimum percentages for PZT-5H. 

6.3 Bulk device firing temperatures 

The results from section 6.2.2 show that using lower firing temperatures will not 

improve the piezoelectric properties of the film. Bulk PZT samples are typically 

fired at 1100 -1500°C, significantly higher than the dupont60 profile peak 

temperature of 890°C. The bulk firing profile allows sintering to occur between 

the PZT powder particles. The lower Dupont60 firing temperatures require a 

glass frit to create a bond between the PZT particles. 

To attempt a direct comparison between the bulk and thick-film materials, two 

substrates of screen-printed thick-film material were fired using a bulk material 

furnace. The bulk material furnace was situated at Morgan Electro Ceramics 

Thomhill factory. The firing profile used is propriety information of Morgan 

Electro Ceramics. However, it was known to be identical to that used to fire 

bulk PZT-5H materials. 

Two thick-film PZT pastes were screen-printed on to 96% alumina substrates 

using the standard printing process. One paste contained lOwt.% CF7575 glass 

and 90wt.% ball milled PZT-5H, the other contained lOOwt.% ball milled PZT-

5H powder with no glass content. The 100% ball milled powder was used 

because it is the most direct equivalent to the bulk PZT-5H material. Standard 

silver/palladium bottom and underside electrodes were printed, dried and fired 

on the substrates. Subsequently, the two PZT pastes were printed, dried and then 

a second layer printed and dried on top. The substrates were then stored using 

clean room boxes and transported to the Morgan Electro Ceramics factory. The 

two substrates were then fired in the bulk furnace in a lead container that is 

designed to reduce lead loss in bulk samples. 
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6.3.1 Results and conclusions 

Figure 6.1 shows the two substrates after firing in the bulk furnace. The melting 

point of the alumina substrates and the silver/palladium is ~1700°C and ~1400°C 

respectively. However, the combination of the lead container and the high 

temperatures resulted in extensive warping in the two substrates. 

Figure 6.1: Bulk fired sample substrates 

The silver/palladium electrodes have diffused into the alumina due to the high 

temperatures. The high temperature process has softened the alumina. This 

softening has allowed the various thermal coefficients of expansion for each of 

the materials to cause warping of the substrate. 

The PZT layer exhibits high levels of adhesion in areas where the warping has 

not damaged it extensively. This would suggest that the high temperatures have 

provided satisfactory levels of sintering. However, the warping and damage to 

the substrates make them unsuitable for further processing. They results do 

indicate that the PZT layer can be fired at bulk temperatures after being screen-

printed. Further work is required to improve the method in which the substrates 
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can be fired to produce practical results. However, due to time constraints and 

availability of equipment this work is beyond the scope of this thesis. 

6.4 Poling optimisation 

Chapter 5 outlined the requirement of a standard process for each of the batches 

produced so that trends in the results would be identifiable. It was recognised 

that the poling parameters were not the optimum for each batch but a practical 

standard level. Therefore, it was decided to observe the effects of the applied 

field on one device from the optimum 10% ball batch. In addition, the level of 

decay on the polarisation level was observed. A more detailed study of the 

complete poling parameters is conducted in chapter 8 once the optimal paste 

formulation has been achieved. 

6.4.1 Applied poling field investigation 

To determine the effects of the applied poling field on piezoelectric activity, one 

device from the batch 10% ball was re-poled over a range of poling fields. A 

device from the 10% ball batch (10B9) was chosen and poled in steps of 

0.5MV/m until dielectric breakdown occurred. A poling temperature of 150°C 

and a poling time of 30 minutes was used for each polarisation step. The dssj 

value was measured using the PM35 piezometer and an average of 5 readings 

was recorded. After each measurement the device was placed on a hotplate and 

heated to 200°C to de-polarise it. 
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Figure 6.2: Comparison of applied field to average dgaj value 

Figure 6.2 shows that there is an almost 50% increase in d33,f between 2.5MV/m 

and 5.5MV/m but beyond this point the field tends to have a reduced effect as 

the sample reaches its maximum dipole alignment, discussed in section 2.2.2. 

Device 10B9 produced a dssj of 52.8pC/N from previous work, this was 

increased to a maximum dssj of 59pC/N with a 6MV/m applied poling field. 

This represents a 12% increase in measured dsŝ f value. The results confirm that 

it is important to apply the maximum practical poling field to achieve the 

optimum polarisation and piezoelectric activity in the film. 

6.4.2 Poling using Morgan Electro Ceramics factory conditions 

A set of devices were poled in a Techne oil bath using Morgan Electro Ceramics 

Ltd factory conditions for bulk PZT-5H material. This process was conducted 

with the maximum field that could be applied before breakdown occurred, 

30MV/m, for 3 minutes at a proprietary temperature. The standard poling 

process at the University of Southampton is 30 minutes poling time at 150°C 

with a 4MV/m applied electric field, this process is conducted in air. 
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Device 
Standard poling process, 

average d33,f (pC/N) 

Morgan Electro Ceramics 
poling process, average d33,f 

(pC/N) 

10B2 49.4 3L2 

10B4 55^ 30L8 

10B5 55^ 31 

lOBT? 45^ 2 9 4 

Table 6-5: Comparison of dgĝ f values for different poling processes. 

The results obtained in table 6-5 indicate that the higher field has reduced the 

measured dsŝ f values. However, the process for the bulk samples is significantly 

shorter than the standard poling process and previous studies [76] have shown 

that the poling time can have the same significance as the poling voltage. 

6,4.3 Decay experiment 

After poling, the dipoles suffer a moderate re-alignment until settling to a 

constant polarisation value as discussed in section 2.2.2. This re-alignment of 

the dipoles can be accelerated by mechanical stress but will occur naturally over 

time regardless of any external forces. 

A study was conducting to observe the decay in piezoelectric properties of a 

thick-film device over a number of weeks. One device (10B8) was selected from 

the 10% ball batch from section 5.5. The device was re-poled with a 4MV/m 

applied electric field at 150°C for 30 minutes. The dgsj value of the device was 

subsequently measured using the PM35 piezometer directly after poling and over 

a range of 70 days. Five measurements were taken each time and an average 633^ 

recorded. In addition, a bulk PZT reference sample used to calibrate the 

piezometer was measured each time. This helped reduce measurement errors 

and ensure any change in dssj was a result of polarisation decay. The results of 

this decay experiment are shown in figure 6.3 below 
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• I0B8(L) 

Days s ince poling (Log scale) 

Figure 6.3: Decay of average dsŝ f value over time. 

The results show that the device exhibited decay in piezoelectric polarisation for 

approximately 25 days as expected. Beyond 25 days the d33,f value settled to a 

virtually constant value. The 10B8 device decayed from 52.4pC/N to 

approximately 42pC/N. This represents a decay in piezoelectric activity of 

approximately 20%. 

6.4.4 Conclusions 

This range of investigations into the poling voltages and conditions has indicated 

that a significant proportion of the dssj optimisation can be obtained from the 

poling parameters alone. The tests conducted under Morgan Electro Ceramics 

factory conditions and the re-poling experiments indicate that if the higher 

voltages could be maintained for a longer poling time the dssj could be 

improved. 

The time decay experiment demonstrated that the piezoelectric activity of the 

material will decay over time. This is due to minor re-alignment of the electric 

dipoles within the film to their pre-poled state. The 20% reduction observed is 

approximately twice that observed with bulk PZT-5H devices [5]. It is believed 

the additional re-alignment experienced by thick-film PZT-5H compared to the 
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bulk equivalent is due to two factors. The first is that the reduced sintering 

levels of the film result in smaller domain sizes in the films and therefore the 

level of polarisation is reduced. The smaller domains have a reduced dipole 

moment and therefore the electrical force maintaining alignment is reduced. 

Finally, the clamping effect of the substrate and electrode layers provides a 

greater restriction on the deformation of the film during the poling process. This 

results in a reduced amount of dipole alignment and a greater stress on the film 

structure which will reduce the piezoelectric properties of the material. 
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7 Optimisation of dssfi Mixed powder types 

7.1 Introduction 

The results achieved in chapter 5 show that the ball milled devices with 10% 

glass provide the optimum piezoelectric coefficients. However, the SEM 

micrographs of the PZT layer show that the films exhibit a good degree of glass 

sintering but the film density is of a lower quality than the attritor milled devices. 

This chapter considers two methods for improving the density of the fired thick-

film PZT-5H material. These are: 

• Vacuum drying of existing PZT pastes. 

• Combination of large and small powder particles. 

Studies are conducted to evaluate vacuum drying of the current thick-film 

batches and the combination of different PZT powder particle sizes in the thick-

film paste. It is proposed that the vacuum drying will exert external pressure on 

the film and should improve the density. Following this, theories concerning the 

combination of different powder particle sizes are discussed. It is proposed that 

by combining large and small particle sizes the interstices observed in the 

micrographs can be reduced, thus increasing the density of the fired films. 

Finally, an evaluation of the paste composition work is conducted and an 

optimum paste formulation decided. 

7.2 Film densification 

To achieve the maximum piezoelectric properties for thick-film PZT materials it 

is essential to increase the density of the film. The increase in density allows for 

improved mechanical coupling of the film and therefore an improved 633,f. The 

improvement in dsŝ f is because the applied force has improved coupling to the 
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piezoelectric particles within the film matrix. This means that each particle is 

deformed to a greater extent and therefore produces a higher charge output. 

Increasing the density of the film can be achieved by several methods, either by 

combining different processes or materials [23] or by compressing the films after 

printing, either during drying or firing [94]. 

Work by Dorey et al. [95] develops the composite technique developed by 

Corker et al, discussed in section 2.4.2 [24]. The technique combines a standard 

ferroelectric powder with the organo-metallic sol used in the sol-gel process. 

This composite film has an increased thickness compared to those fabricated 

using the sol-gel process and an improved film density compared to those 

formed using screen-printing techniques. The composite layer was deposited on 

a platinised silicon substrate using the same spin coating technique as before. 

However, in this study an additional sol infiltration was conducted after the film 

was dried, for each deposited composite layer. Once the required number of 

composite layers had been deposited, the film was fired at 710°C for 30 minutes. 

After firing, Cr-Au electrodes were evaporated on the films, which were then 

poled at 200°C for 5 minutes and an applied field of 8MV/m. The results show 

that the sol infiltration steps increased the observed density of the film, which 

increased the relative permittivity of the films. An increase in measured dgsj was 

observed when a single infiltration step was used. However, subsequent 

infiltrations had a reduced effect, although an increase was observed, as the 

optimum density of the film was approached. The paper does not state if the 

poling parameters used were the optimum. It is possible that the increased 

density and permittivity of the film would allow for an increase in applied poling 

field before breakdown occurs, thus further improving piezoelectric activity of 

the material. 

The study showed that the average dssj for the film was increased from 35pC/N 

to 62pC/N with the use of sol infiltration and an improved sintering aid. This 

suggests that densification of the films can have a significant impact on the 

piezoelectric activity of thick-films and is an important area of study. 
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7.3 Vacuum drying 

The SEM micrographs in section 5.5 show the PZT-5H layer has increased 

porosity compared to the bulk equivalent. The bulk process can involve the use 

of, for example, isostatic presses to manufacture the size and shape of device 

required. However, the screen-printing process does not introduce any external 

pressure on the printed paste as it settles on the substrate. Therefore, the effect 

of a vacuum on a screen-printed substrate was investigated to observe any 

increase in film density. 

7.3.1 Experimental procedure 

Two substrates were screen-printed with a PZT paste composition of 10% 

CF7575 and 90% ball milled PZT-5H. After printing, one substrate was dried in 

a vacuum chamber with 2x10^ mbar of pressure at 190°C for 10 min with the 

other dried in an IR drier with the same settings. The two substrates were then 

fired in the belt furnace using the Dupont60 furnace profile. Top electrodes were 

not printed on these substrates because the aim of the experiment was to observe 

any changes in the density of the PZT layer. 

7.3.2 Results and conclusion 

After firing, a sample from each substrate was removed for observation within 

the SEM. Figure 7.1 and 7.2 below show the SEM micrographs of the non-

vacuum and vacuum dried samples respectively. 
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Figure 7.1; PZT layer of thick-film dried in IR drier. 
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Figure 7.2: PZT layer of thick-film dried in a vacuum. 

Figure 7.1 and 7.2 are cross-sectional micrographs of the PZT layer at the same 

magnification indicating the density of the films. 
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The SEM micrographs show no significant increase in the density of the film 

from this simple experiment. However, the use of more sophisticated 

techniques, such as hot isostatic pressing may yield more encouraging results. 

This work is beyond the equipment available and the scope of this thesis. 

However, cooperation with a commercial company may be possible for future 

work in this area. 

7.4 Powder combinations 

Following the vacuum experiment and the work in chapter 5 [96,97], the next 

stage in the development of improved d33,f values considered the combination of 

ball milled and attritorS milled powders. It is proposed that the combination of 

PZT powder sizes should contribute towards an increased PZT layer density. 

The larger particle size associated with the ball milled powder results in 

increased piezoelectric responses. Therefore, it was important to maintain the 

ball milled particle as the dominant particle within any powder combination. 

The attritorS particles can be used to fill any voids between the ball milled 

particles, thus resulting in an increased film density and improving its 

mechanical coupling and piezoelectric properties. Hence, it was anticipated that 

by combining these two powders, we would obtain the high dsŝ f values 

associated with ball milled powder and the consistency achieved with attritorS 

powders. 

The paste therefore consists of a combination of ball milled, attritorB milled and 

Ferro CF7575 lead borosihcate glass. The analysis of such particle sizes is 

especially important since the films are fired at lower temperatures than the bulk 

equivalent. This is sufficient to melt the glass but minimal sintering of the actual 

PZT particles occurs as discussed previously. 
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7.4.1 Modelling of the film 

To determine sensible ratios of ball and attritor3 milled powders, an analysis of 

the particle distribution was first carried out. This analysis would also identify 

the optimum attritor particle size in order to maximize film density. The analysis 

provides a simplistic model of the practical particle distribution. However, it is 

suitable to determine initial particle size values and percentage weights for the 

study. 

It was first necessary to simplify the mathematical model for the PZT layer 

structure to a 2-dimensional representation of the particle distribution. A ball 

milled particle is the central particle in the lattice and the interstice between these 

are filled with smaller attritor milled PZT particles, shown in figure 7.3. 

Attritor milled 
particle 

Ball milled 
particle 

Figure 7.3: Ideal 2-d particle distribution. 

This model assumes all the glass will melt in the processing and form a perfect 

bonding matrix surrounding the particles. In this study it was decided to use a 

fixed percentage of glass, 10% by weight, since the results in chapter 5 show this 

to be the optimum. Therefore, the optimum size of the attritor particles and their 

ratio by weight were the only factors that needed to be determined. 

Assumptions of the model: 

• Full control of the particle dimensions is possible. 

• The glass content will not affect the size of the smaller particle. 

• All the glass will melt to form a bond between the two particle sizes. 

• The particles will form a perfect structure indicated in figure 7.3. 

® That the optimum solution fills the interstice surrounding the central 

particle. 
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• The particles are round. 

In practice none of these assumptions are possible but they are reasonable 

approximations of the practical conditions. 

7.5 Ideal Calculations 

The mean particle size for the ball milled PZT powder was measured to be 2\\m, 

see section 5.2.1 [96]. Assuming the smaller circles from figure 7.3 to be attritor 

milled PZT, the maximum attritor particle can be calculated using figure 7.4. 

(X) 0) 

Figure 7.4: Equivalent diagram for calculations. 

Figure 7.4(a) shows how the model can be reduced to the equivalent of one large 

and one small particle. Figure 7.4(b) can be used to derive the maximum radius 

of the small particle in order to fit within our model. 

a = Vb^+c" [7.1] A, = [7.2] A, = a x a [7.3] 

Equations 7.1, 7.2 and 7.3 give Pythagoras theorem, the area of a circle and the 

area of a square respectively. Using these equations and figure 7.4(b) we can 

calculate the maximum diameter of the smaller particle. 

Y = V F + F = 1.414|jm 

X = Y - l|im (from figure 7.4(b)) 

X = 0.414|im 
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Having obtained the radius, the maximum diameter of an attritor particle is 

0.83pm. To determine how much of the area of the lattice from figure 7.3 will 

be filled, the combined area of the two particles must be calculated. The 

percentage of the area filled can be calculated using equation 7.4 in conjunction 

with equations 7.2 and 7.3. 

n ^ , area of circles . . . _ 
Percentage area filled = x 100 [7.4] 

area of square 

[(7rxl") + (7rx0.414")] (3.14 + 0.54) 
= = yz% 

(2x2) 4 

Therefore, this configuration fills 92% of the area, which is the maximum 

achievable with two particle sizes. The remaining area is assumed to be filled by 

the glass as it melts during the firing process to bind the PZT particles. 

To convert these particle sizes into percentage weights for the paste formulation 

it is necessary to calculate the weight of each particle. For this model it is 

assumed all the particles will be a perfect sphere, therefore the volume of the 

sphere and the material density can be used. 

Equation 7.5 and 7.6 show the formula for the volume of a sphere and for mass, 

when the volume and density are known, respectively. 

Vgp = [7 5] mass = volumex density [7.6] 

To determine the weight ratio it is necessary to determine the mass of one 

particle. This value can then be used to extrapolate the ratio of particle numbers 

required using figure 7.4(a). Using equation 7.5 the volume of the two particles 

can be determined. 

Where Veaii and Vau are the volumes of the PZT ball and attritor milled particles 

respectively: 
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Vgaii =4.1%m^ 

= 0.297nm^ 

Using the density values shown in table 7-1: 

mass of ball particle = 4.19|im^ x7.45xlO"'^g/pm^ = 31.2xlO"'^g 

mass of attritor particle = 0.297)im^ x7.45xlO"'^g/)j,m^ = 2.21xl0"'^g 

This calculation provides the mass of a single particle. Therefore, this value can 

be used to extrapolate the ratio of particle numbers required and their respective 

mass. Therefore, for a 1:1 ratio of ball to attritor milled particles, indicated by 

figure 7.4(a), we require 14.1 times more ball than attritor milled powder by 

weight. Assuming 10% by weight of CF7575 glass this equates to the values 

given in table 7-1. 

Powder Type 
Density 
(g/^im^) 

Percentage Weight 

Ball milled PZT 7.45 X 1 0 ' ' ^ 84% 

Attritor milled PZT 7.45 X 1 0 ' ^ ^ 6% 

CF7575 Lead Borosilicate 6.20 X 10^^ 10% 

Table 7-1: Optimum powder combinations for ideal particle sizes. 

These powder combinations do not relate directly to the practical situation. This 

is because the model is 2D and does not completely fill the interstice around the 

ball milled particle. 

The remaining area, checked zone in figure 7.4(b), can be calculated to give the 

total area that needs to be filled. If we assume that our calculated diameter for 

the attritor milled powder can be used and will fill that entire volume. 

Using equations 6.2 and 6.3 and figure 7.4(b) the area between the ball particles 

can be converted to a ratio of the area filled by the attritor particle: 
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unfilled area _ A, - Ag^ 

area of att particle 

= 1 ^ = 1.6 
0.538 

Maximum particle ratio = 1.6(Att): l(Ball) 

This result shows that to fill the entire area between the ball particles we require 

1.6 attritor particles. The particle mass calculations can be used to convert this 

ratio of particle numbers to a ratio by weight. Thus the optimum weight ratio, 

assuming that the attritor particles could be made small enough to fill the area 

between the ball particles, would be 8.8:1 ball to attritor milled powder by 

weight. The problem with this calculation is that it uses non integer values of 

particle numbers. However, this is supported by the supposition that in the 

practical case the powder contains a distribution particle sizes and therefore a 

number of these could be equivalent in size to 0.6 of a full sized particle. 

7.6 Second model 

Having considered the model in figure 7.3 it is necessary to look at an alternative 

configuration given in figure 7.5. 

Attritor milled 
particle 

Ball milled 
particle 

Figure 7.5: Ideal 2-d particle configuration for model 2. 

This configuration requires a smaller attritor particle as the arrangement of ball 

particles is much more compact, however the number of particles required has 

increased. Each ball milled particle now has six surrounding attritor particles. 

However, these are shared between three ball particles so it is the equivalent ratio 

of two attritor particles to every one ball particle. 
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The size of this attritor particle can be calculated by reducing the model to an 

equivalent triangular area given in figure 7.6. 

2)Lim 

2\im 

Figure 7.6: Equivalent diagram for model 2 particle size calculations. 

Using figure 7.6, the attritor particle size can be calculated. Using trigonometry 

the centre point of the triangle can be calculated, and from here the diameter 

available between the 3 ball particles can be determined. 

Maximum diameter = distance between centre point and ball particle 

cos 30° = —-— => X = 0.1 Sum radius 
1 + x 

diameter for attritor particle = 0.3fim 

mass of attritor particle = 
^4n(0.15y^ 

lim^x7.45x10 '^g/|im^ =0.105x10 

Figure 7.5 shows that by using this size particle we would require a particle ratio 

of 2 attritor particles for each ball milled particle. Using the same method as 

before the weight ratio can be calculated to be 148.6:1 of ball to attritor milled 

powder by weight. 

Powder Type 
Density 
(g/Hm^) 

Percentage Weight 

Ball milled PZT 7.45 X 10"'̂  89.4% 

Attritor milled PZT 7.45 X 10'̂ ^ 0.6% 

CF7575 Lead Borosilicate 6.20 X 10'̂ ^ 10% 

Table 7-2: Optimum powder combinations for model 2. 

Calculating the ratio between the particle area and the remaining area between 

the 3 ball particles, gives the following: 
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f 

area of triangle - area of ball particle 

area of attritor particle 
_ V 

1.73|im^ -^jim^ 

71(0.1 Sjam) 

0.16pm^ 

O.OVSum" 

So therefore, the area equivalent to 2.15 attritor particles can fill the interstice 

between the ball particles, although figure 7.5 shows would not be the case in the 

ideal model. This equates to 4.3 attritor particles for each ball particle, by weight 

this is a ratio of 69.1:1 ball milled to attritor milled powder. 

A summary of these four results for the two 2D models is given in table 7-3. 

Powder 
Type 

Density 
(g/Hm^) 

Model 1 
Percentage 

Weight 
(optimum 

size) 

Model 1 
Percentage 

Weight 
(optimum 

area) 

Model 2 
Percentage 

Weight 
(optimum 

size) 

Model 2 
Percentage 

Weight 
(optimum 

area) 

Ball milled 
PZT 

%45x 
10^2 84% 81% 89.4% 88.7% 

Attritor 
milled PZT 

7.45 X 
10^2 6% 9% 0.6% 1.3% 

CF7575 
Lead 

Borosilicate 

6.20x 
10 12 10% 10% 10% 10% 

Table 7-3: Percentage weights of materials for each model. 

The results in table 7-3 provide an indication of the optimum powder 

combination but are still based upon ideal values and an ideal model for each 

powder. 

7.7 3D equivalent models 

Following on from the 2D models it is necessary to calculate any effects of using 

3D equivalent of the models. 
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(a) 

Ball particle 

Attntor particle 

(b) 

Figure 7.7: 3D equivalent of the 2D models. 

Figure 7.7(a) and (b) show the equivalent 3D picture of model 1 and 2 

respectively. Figure 7.7(b) shows the same base layer as 7.7(a) but the next layer 

of ball particles begins in the centre of the four ball particles, the attritor particle 

lies at the centre of these five particles. From these pictures and using the 

volume of a sphere from equation 6.6 it is possible to determine the volume 

remaining between the ball particles, and how much of that volume is filled by 

the attritor particle. 

7.7.1 3D calculations for model 1 

The volume between the ball particles can be equated to a comer of each sphere 

inside a box volume joining the centre points of each of the surrounding ball 

particles. Thus, the remaining volume can be determined by subtracting the 8 

comer pieces from the box volume. 

Volume of box - Volume of sphere = Gap Volume 

Volume of 0.83^im diameter attritor particle = 0.297fJ,m^ 

Number of attritor particles to fill the gap; 
3.81p,m 

0.297nm-
= 127 

118 



Optimisation of d33,f: Mixed powder types 119 

This shows that the volume equivalent of 12.7 attritor particles could fill the 

remaining interstice between the ball particles. Using the particle density and 

volumes this equates to a weight ratio of 1.11:1 ball to attritor milled powder. 

7.7.2 3D calculations for model 2 

This calculation is also based on the 2D calculations but uses a triangular prism 

shape between the centre points of 5 ball particles. Using figure 7.6 and 7.7 this 

can be equated to the equivalent of half a ball particle within the prism, from 

here we can calculate the remaining volume. 

, _ . Volumeof sphere _ . . 
Volume of pnsm = Volume of interstice 

2 x 1 . 7 3 = 

Volume of 0.3[im diameter attritor particle = 0.014jim^ 

Number of attritor particles to fill the gap = =97.5 

This shows that for model 2, the volume equivalent of 97.5 attritor particles with 

0.3p.m diameter could fill the interstice between the ball particles. Using the 

particle density and volumes, and remembering that for model 2 there is the 

equivalent of two interstices per ball particle, this equates to a weight ratio of 

1.52:1 ball to attritor milled powder. 

7.8 Discussion of results 

Both the 3D equivalents of the 2D models show an increase in the number of 

attritor particles that can fit between the ball particles. This is to be expected 

because of the spherical nature of the model. Table 7-4 gives a list of the 

percentages of each material that would be required with each of the models. 
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3D - Model 1 3D - Model 2 

Powder Type 

Percentage 
Weight 

(optimum 
volume) 

Percentage 
Weight 

(optimum 
volume) 

Ball milled PZT 47 54.3% 

Attritor milled PZT 42J9& 35.7% 

CF7575 Lead 
10% 10% 

Borosilicate 
10% 10% 

Table 7-4: Powder percentages for 3D models. 

These percentages show an increase in the amount of attritor powder required in 

order to fill the volume surrounding the ball particles compared to the 2D model 

based only on the areas and optimum particle size. 

These ideal models are only guides for the practical experiments because they 

are based upon a number of assumptions that would not match practical reality. 

They are also based upon the calculation that the volume of the attritor particle 

can fit into the interstice surrounding the ball particle completely. To determine 

the exact number of attritor particles that could fill the volume without being 

molten, would require complex calculations that, given the assumptions made 

and the approximate nature of this analysis, are not justified. 

7.9 Practical calculations 

The ideal models have shown that the attritor particle should be 0.83pm and 

O.SjLim diameter for model 1 and 2 respectively. However, for the practical 

experiments the attritor powder available was attritorS powder, this had an 

average particle size of l|j,m. 

diameter for attritorS particle = l|xm 

Area = n (0.5|xm)^ = 0.7%m^ 

mass of attntor particle Hm"x7.45xlO-'"g/}im' =3.9xlO-'^g 
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Using the particle number and volume calculations from the previous section but 

substituting the real value for the attritorS particle instead of the optimum value, 

the results in Table 7-5 and Table 7-6 were obtained. 

Model 1 Model 1 Model 2 Model 2 
Percentage Percentage Percentage Percentage 

Powder Type 
Weight Weight Weight 

Powder Type 
(practical (practical (practical 

size) area) size) area) 

Weight ratio 
Ball:Att3 

7.3:1 4:1 2&1 

Ball milled PZT 80% 79% 72% 86% 

Attritor3 milled , 
PZT 11% 18% 4% 

CF7575Lead 
Borosilicate ° 10% 10% 10% 

Table 7-5: Percentage weights of materials for each 2D model using practical 
powder size. 

Powder Type 

Model 1 
Percentage 

Weight 
(optimum 
volume) 

Model 2 
Percentage 

Weight 
(optimum 
volume) 

Weight ratio Ball:Att3 1.1:1 1.5:1 

Ball milled PZT 47% 54% 

Attritor milled PZT 43% 36% 

CF7575 Lead 
Borosilicate 

10% 10% 

Table 7-6: Percentage weights of materials for 3D models using practical 
powder size. 
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7.10 Discussion of results 

The practical results for the paste compositions in table 7-5 and table 7-6 are 

very similar to the ideal values given in table 7-3 and table 7-4. These 

composition values provide a start point for an experimental plan to determine 

the optimum proportion of ball and attritor3 milled powder. Differences that 

occur in the results for the area based model 2 are due to the practical value for 

the attntor particle, l|Lim, being much larger than the calculated ideal, O.Sjiim. 

Both the 3D models would indicate that a weight ratio close to 1:1 would 

produce the optimum film density. The 2D models estimate the optimum 

composition to lie between 4:1 and 8:1 by weight of ball and attritor milled 

powder. 

7.11 Experimental work 

Having obtained a starting point for the work from the ideal calculations it was 

necessary to decide on the experimental values for each powder. Following the 

theoretical results that indicate the solution lies between 1:1 and 8:1 by weight it 

was decided to calculate the weight ratios for an integer number of attritor 

particles. 

Weight ratios of 8:1, 4:1, 2.6:1 and 2:1 were tried which equates to 1, 2, 3 and 4 

attritor3 particles per ball particle respectively; the percentage calculation results 

are shown in table 7-7. 

Paste 
Attritor3 

percentage 
weight 

Ball 
percentage 

weight 

CF7575 
percentage 

weight 

8:1 10% 80% 10% 

4:1 18% 72% 10% 

2.6:1 25% 65% 10% 

2:1 30% 60% 10% 

Table 7-7: Experimental powder combination weight percentages. 
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7.11.1 Processing 

From the values in table 7-7 the batches were mixed and then printed as 

described previously on a 96% alumina substrate with ESL 9633B 

silver/palladium electrodes. The PZT layer consisted of two prints, the first print 

was dried in the IR drier with the second printed directly on top and dried. Both 

layers were then co-fired in the belt furnace using the Dupont60 furnace profile. 

Two substrates per batch were printed, with one column from each substrate 

removed in the clean room for analysis in the SEM. 

Once fired, the devices were poled at 150°C with an electric field applied for 30 

minutes. The substrate with the 4:1 batch produced a higher layer thickness than 

usual. Therefore, the maximum achievable electric poling field with our 

equipment was 3MV/m. To maintain consistency the electric field applied to the 

other samples was reduced to this value. 

In addition to this, a substrate of the 4:1 and 8:1 pastes were printed and fired as 

normal but then an ESL-11 OS silver polymer top electrode was printed instead of 

the silver/palladium. This silver polymer layer was cured for an hour at 200°C 

as described previously in section 6.2.1. 

7.11.2 Experimental results 

After poling, the dssj coefficient of each device was measured using the PM35 

piezometer. Five readings were taken on each device and an average recorded, 

shown in figure 7.8. 
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Figure 7.8: Average dsŝ f results for powder combination experiments. 

The films with a polymer top electrode are labelled 8:lpoly and 4:lpoly. Also 

included for comparative purposes are the average dss/ results obtained for the 

10% ball milled and 5% attritorS milled films from previous work. 

In addition to the dsŝ f results, figure 7.9 shows the percentage standard deviation 

associated with each paste batch to demonstrate the consistency of each batch. 

Included in this data set are the results from previous work for 10% ball and 5% 

attritorS films as before. 
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Figure 7.9: Percentage standard deviation for each paste formulation. 
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SEM micrographs 

Figures 7.10 and 7.11 show the SEM micrographs of the 8:1, 4:1 Ball:Att3 

sample PZT layers respectively. The samples are unpolished at this stage but the 

micrographs still give an indication of the density of the PZT layers. 

W D = 12 mm " 1J9KX 

Figure 7.10: 8:1 Ball:Att3 sample PZT layer. 
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Figure 7.11: 4:1 Ball:Att3 sample PZT layer. 

The SEM micrograph of the 4:1 ball to attritor3 PZT layer shows an 

improvement in film density over the standard ball samples although not as good 

as the att3 sample shown in figure 5.8. It appears that the level of sintering 

between the PZT particles is still low but that the glass bonding matrix and the 

combination of powders has produced a relatively dense film with reduced 

interstices. 

7.12 Discussion of results 

The results have shown that blending the ball milled powder with the attritor3 

powder produces an increase in the piezoelectric activity of the film. Figure 7.8 

suggests that the number of smaller particles added to the paste has a saturating 

effect beyond ratios of 2.6:1 as the interstices within the matrix have been 

already filled. This result agrees reasonably closely with the models and 

indicates that model 2 is the closest approximation to the experimental results. 

The original 10% ball milled PZT paste demonstrated a of 51.5pC/N. This 

optimisation study has produced a highest average dssj value of 63.5pC/N. This 
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d33j value was obtained with a paste composition of 4; 1 by weight of ball to 

attritorS milled powder. This was further increased to 77pC/N when a polymer 

top electrode was introduced to the structure. The polymer top electrode removes 

the requirement for additional firing of the piezoelectric film. The extra firing 

results in additional lead loss and hence reduced piezoelectric behaviour. These 

developments represent an increase of 23.3% and 49.5% respectively. 

The percentage standard deviation of the 4:1 devices was 3.9%. The most 

consistent batch from the previous work was the 5% attritor3 device exhibiting a 

2.1% deviation. However, this is still an improvement compared to the original 

10% ball milled devices that had a standard deviation of 6.1%. This deviation is 

improved to 1.9% with the introduction of a polymer top electrode and 

represents a consistency higher than the 5% attritor3 devices. However, fewer 

samples were fabricated and measured to obtain this value. 

7.13 Conclusions 

The combination of 4:1 by weight of ball milled to attritor milled powder (i.e. 

18% attritor3, 72% ball and 10% CF7575 powders) produces the highest 633,f 

coefficient with an average measured value of 63.5pC/N. This result agrees 

reasonably closely with the models and shows that the practical model 2 from 

table 7-5 provides the optimum values for dsŝ f. 

The results confirm that the combination of small and large particles does 

increase the dgsj of the film and justifies the investigation. It has also shown that 

the consistency of the results can be increased in comparison to the ball milled 

devices, although they are not as consistent as the attritor3 devices. 

This investigation has provided further increases in the dssj values, 65.1pC/N to 

77pC/N with polymer top electrode, and the consistency and repeatability of the 

paste formulation, 6.1% reduced to 3.9% deviation. The 4:1 combination is the 

optimum paste formulation for the thick-film PZT-5H determined by the work in 

this thesis. An increase in piezoelectric activity from an original dsŝ f of 

18.5pC/N to 65.1pC/N has been achieved with this material. 
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8 Optimisation of dssfi Processing for final paste 
formulation 

8.1 Introduction 

This chapter discusses methods of optimising the piezoelectric activity of the 

final material composition decided in chapter 7, (18wt.% attritorS, 72wt.% ball, 

lOwt.% CF7575). The chapter focuses on two areas that have the greatest effect 

on the piezoelectric activity of the thick-film, these are: 

• Firing temperature. 

• Poling parameters. 

The first half of the chapter discusses the effect of the firing temperature on the 

optimised paste composition. In addition, it builds upon the conclusions from 

chapter 6, which revealed an increase in 633,f when the number of firing cycles 

was reduced, by attempting to co-fire the PZT layer and top electrode. 

The second half of the chapter details an investigation into the effects of the 

poling parameters on the piezoelectric activity of the optimised paste 

composition. Specifically, the poling time and temperature are studied with a 

view to reducing the overall poling time to ensure greater compatibility with 

commercial applications. 

Finally, having achieved the optimum paste formulation, electrode materials, 

firing profile and poling parameters, a table of the characteristic values of the 

optimised PZT-5H thick-film devices are compared with those of the bulk PZT-

5H equivalent. 
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8.2 Firing profile investigation 

To produce a thick-film piezoceramic it is necessary to fire the film at a 

sufficiently high temperature to cause the glass bonding matrix to melt. 

However, as the temperature increases, the likelihood of lead evaporation from 

the material is increased and the film becomes more susceptible to metal 

migration from the electrode layers. It is therefore necessary to obtain a balance 

between high firing temperatures, low lead evaporation and low electrode 

migration. 

One possible solution is co-firing. Co-firing involves two or more layers of 

electrode and PZT layer being fired together. This reduces the number of firing 

cycles the PZT layers endures and also reduces the overall process time 

significantly. The problems with co-firing are typically a result of differing 

thermal coefficients of expansion in the materials. This can lead to a poor bond 

between the materials and deformation of the printed geometry. In extreme 

cases the layers can separate completely. 

In addition, a new glass binder was evaluated as part of this study. Ferro 

EG2928 is an alternative lead borosilicate glass recommended by Ferro for use 

as a glass binder in PZT thick-films. 

Property Ferro EG2928 

Devitrifying temperature 490°C 

Softening point 470°C 

Thermal coefficient of 
expansion 

6*10'^/°C 

Density 5260kg/m^ 

Table 8-1: Core Properties of Ferro EG2928 

Table 8-1 shows the core properties of EG2928. Potentially, with a higher 

softening point and lower thermal coefficient of expansion EG2928 could help to 
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increase the density of the fired films. The density would increase because the 

film would maintain the printed geometry for longer during the firing process 

and potentially form a more suitable bonding matrix. 

8.2.1 Firing Profiles 

The initial work in this study evaluates three alternative furnace firing profiles by 

comparing the dssj values of the fired thick-film material. The standard thick-

film firing profile used throughout this thesis is the Dupont 60 furnace profile. 

The Dupont60 profile was used as a benchmark from which to extrapolate 

temperature values for a 750°C and a 1000°C peak temperature firing profile. 

These profiles are henceforth denoted RNT750 and RNTIOOO respectively. 

These profiles are given in table 8-2, each stage is 5mins 40 seconds long. 

Profile temperatures (°C) 

Stage RNT750 Dupont60 RNTIOOO 

1 295 350 393 

2 506 600 674 

3 746 885 994 

4 744 883 992 

5 750 890 1000 

6 733 870 978 

Table 8-2: Furnace firing profiles for RNT750, Dupont60 and RNTIOOO. 

These furnace profiles were chosen to investigate the effects of changing the 

peak temperature but maintaining the same shape of the original Dupont60 

profile. The Dupont60 profile is maintained as a reference point. The RNT750 

profile is different to the 750PK profile used in section 6.2.1 because it remains 

close to the peak temperature for longer. It is believed that by maintaining the 

peak temperature for longer the film will have greater adhesion to the substrate 

compared to those fired with the 750PK profile. 
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8.2.2 Experimental process 

Each experiment was conducted using the optimised PZT powder combination 

described in section 7.13 with 10% glass content by weight. In addition, this 

study will evaluate a new glass binder, Ferro EG2928, as a possible alternative to 

the standard Ferro CF7575 glass used previously. This was mixed in to the paste 

as described previously in section 3.3.1. 

The substrates were screen-printed and dried using the standard processes 

described in section 3.3. Subsequently, one substrate was fired in the belt 

furnace for each of the firing profiles listed in table 8-2. Once fired, an ESL 

1110-s silver polymer was screen-printed as a top electrode before the substrates 

were removed from the clean room for poling. One column from each substrate 

was removed in the clean room for observation in the SEM. 

8.2.3 Results 

The devices were poled for 30 minutes at 150°C with a poling field of 4MV/m to 

reduce losses due to dielectric breakdown. The dss.f values were measured using 

the PM35 piezometer and an average over 6 devices was recorded. These results 

are shown in figure 8.1. 
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Figure 8.1: Furnace profile study results using EG2928 glass. 
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The SEM micrographs shown in figure 8.2, 8.3 and 8.4 are cross-sectional views 

of the PZT layer for RNT750, Dupont60 and RNTIOOO respectively. 

EHnr = 15X10 kV WD= 18 mm 

m i l h H i " # 'fi « 

Figure 8.2: SEM micrograph of PZT layer fired using the RNT750 profile. 

EHrr = 15 .00 kv W D = l / m m 

Figure 8.3: SEM micrograph of PZT layer fired using the Dupont60 profile. 
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EHT = 15.00 kV WD= 17 mm 

Figure 8.4: SEM micrograph of PZT layer fired using the RNTIOOO profile. 

The level of sintering with the EG2928 glass compares well to that seen in 

section 7.11.2 with CF7575. It can clearly be seen that the level of sintering 

increases with the firing temperature. 

8.2.4 Discussion of results 

The results obtained in figure 8.1 show that there is a significant increase in 

measured d33j value when the firing temperature is increased. There is an 

approximately 30% increase in dggj value between the Dupont60 and RNTIOOO 

profile. The SEM micrographs show the level of sintering is comparable to that 

seen with CF7575 using the Dupont60 firing profile. Figure 8.4 shows a 

significant increase in sintering of the glass binder when the RNTIOOO profile is 

used. This increase in piezoelectric activity and sintering would suggest that the 

increased firing temperature results in a greater bond between the PZT and glass. 

In addition, the results suggest that the stoichiometry of the PZT layer is 

changing and is closer to the intended optimum for PZT-5H. 
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The PZT layer fired using the RNT750 furnace profile showed a reasonable level 

of sintering. The PZT layer exhibited a higher level of adhesion than films 

produced with 750PK following the scratch and tape tests, described in section 

3.2.6. However, the measured dggj values are lower than those obtained using 

the Dupont60 furnace profile. 

8.2.5 Conclusions 

The optimum firing process is the RNTIOOO furnace profile, it provides a 30% 

increase in dssj values compared to the standard Dupont60 process used 

previously. This increase is considered to be due to the increased lead lost at this 

temperature due to evaporation, resulting in a change in the chemical 

composition of the thick film layer. When the PZT composition is decided upon 

for a commercial product, the firing process is accounted for with additional 

levels of material to compensate for evaporation. There is an optimum 

stoichiometric balance between the Lead and Zirconate in the PZT composition 

and it is this which changes during the firing process. It is believed that the 

RNTIOOO firing profile brings the thick film closer to this optimum. This can 

only be speculated at this stage because the information is proprietary to Morgan 

Electro Ceramics Ltd. 

The sintering levels for the EG2928 glass have proved to be sufficient compared 

with CF7575. However, the measured dsŝ f values have been slightly lower than 

the equivalent Dupont60 fired samples from section 7.11.2. However, the results 

are close enough to suggest that the same improvements between the Dupont60 

and RNTIOOO profiles could be achieve for a paste composition containing 

CF7575. 

8.3 Co-Firing furnace profile study 

Following the firing profile study, it was decided to investigate the possibility of 

co-firing the PZT layer and top electrodes. The study was conducted using the 

three firing profiles in table 8-2. Each substrate had pre-fired bottom and 
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underside silver/palladium electrodes. A PZT layer using the same composition 

as those described in section 8.2.2 was printed and dried using the standard 

process. Subsequently, ESL 8836 gold electrodes were printed on the dried PZT 

layer and then dried using the same IR drier settings. The two dried layers were 

then fired in the belt furnace, one substrate for each firing profile. 

8.3.1 Results 

The three substrates all fired correctly. The Dupont60 and RNTIOOO profiles 

produced fired films with good adhesion levels. However, the devices fired 

using the RNT750 profile exhibited very weak top electrode that could be 

removed with a small amount of force. All the devices were poled at 4MV/m 

for 30 minutes at 150°C. The dssj values were measured using the PM35 

piezometer with an average recorded over six samples. The results are shown in 

figure 8.5. 
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Figure 8.5: Co-firing results for different furnace profiles. 
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8.3.2 Discussion of results 

Figure 8.5 shows that co-firing of PZT and a top electrode layer has a slightly 

negative effect on the dsŝ f value compared to results obtained using a polymer 

top electrode. However, the polymer top electrode has been shown to add 10-

20pC/N per sample compared to a cermet top electrode. This suggests that the 

co-fired samples provide the same value as a normal single fired film would 

produce. 

8.3.3 Conclusions 

The results have shown that it is possible to co-fire gold electrodes using the 

RNTIOOO furnace profile and achieve dgsj levels higher than those for the 

current Dupont60 standard furnace profile used. 

This means that further devices can be fired using this new profile to further 

optimise the piezoelectric properties of the PZT thick-film devices. In addition, 

the results will allow for a reduction in the overall processing time and a 

reduction in the firing cycles that the PZT layer must sustain. 

Comparisons with devices using a polymer top electrode suggest that in 

situations where a polymer is not a viable design option, co-firing is a useful 

alternative. 

8.4 Firing profile combinations 

The results of the firing profile study have shown that increasing the amount of 

lead evaporation can achieve higher piezoelectric activity. However, the results 

from the polymer electrode study in section 6.2 suggested that the use of 

polymer electrodes reduced the amount of lead evaporation. This reduction led to 

increased piezoelectric activity. Therefore, it is assumed that the optimum 

profile lies between the firing of the PZT layer once and twice. Firing the PZT 

layer twice using the Dupont60 profile, once for the PZT layer and once for the 
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top electrode, produces greater lead evaporation than when the PZT layer is fired 

just once using the RNTIOOO profile. 

Following these conclusions, it was important to observe the effects on 

piezoelectric activity when combinations of firing profiles were used. In 

addition, the standard devices utilise silver/palladium electrodes. Therefore, it 

was important to investigate the effects these have upon the firing profile study. 

8.4.1 Experimental plan 

The experimental plan considers the effects of combining the Dupont60 and 

RNTIOOO furnace profiles for the PZT and top electrode layer. The 

experimental plan and substrate labelling is shown in table 8-3. 

Substrate 
label 

PZT layer firing 
profile 

Silver/Palladium top 
electrode firing profile 

d6d6 Dupont60 Dupont60 

thd6 RNTIOOO Dupont60 

d6th Dupont60 RNTIOOO 

thth RNTIOOO RNTIOOO 

Table 8-3: Firing profile combinations 

A set of four substrates were printed with bottom and underside silver/palladium 

electrodes fired using the Dupont60 profile. Subsequently, the optimum thick-

film paste formulation, using CF7575 for the glass, was printed, dried and fired 

using the standard process. Once fired, a silver/palladium top electrode was 

printed, dried and fired on the fired PZT layer using the standard process. 

8.4.2 Results 

The four substrates were fired in the sequences shown in table 8-3. The devices 

were then poled with a 4MV/m field at 150°C for 30minutes. The 633,f values 
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were measured using the PM35 piezometer with an average recorded over 6 

devices. The measured results are shown in figure 8.6. 
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Figure 8.6: Firing profile combination results. 

In addition to the results in figure 8.6 it was observed that the changes in PZT 

thickness for each of the firing profiles were significant, these are shown in table 

8-4. 

Device Batch Average thickness 

d6d6 78|Lim 

thd6 63|Lim 

d6th 61|nm 

thth 51|Lim 

Table 8-4: PZT thickness per batch 

8.4.3 Discussion of results 

The results show that firing the PZT layer with the RNTIOOO profile, either 

twice or in combination with the Dupont60 profile, reduces the piezoelectric 

activity of the material. The reasons for this reduction could be the increased 
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lead evaporation changing the stoichiometry of the PZT layer beyond the 

optimum Lead/Zirconate ratio for PZT-5H. In addition, it is possible that the 

higher temperatures are causing further electrode migration into the device and 

therefore reducing the effectiveness of the poling process. However, there were 

no problems observed during the poling process compared to those with two 

Dupont60 firings so this is unlikely to be the case. 

The results from table 8-4 show that the PZT layer thickness changes for each of 

the profile combinations. This result shows that the higher temperatures have an 

effect on the densification of the film. This shrinkage is due to a greater amount 

of material bum off during the firing process and improved glass sintering 

forming a tighter bonding matrix. 

8.4.4 Conclusions 

The results have shown that if the RNTIOOO profile is used to fire the PZT layer 

then it will be necessary to use either a polymer top electrode or a co-fired top 

electrode. This removes the need for the PZT layer to sustain another firing 

cycle which will reduce the piezoelectric activity of the film. The result 

confirms the hypothesis that the piezoelectric activity is at an optimum between 

a single and double firing at Dupont60. Thus, the RNTIOOO profile provides 

sufficient lead evaporation and film density to achieve higher piezoelectric 

activity compared to two firings at Dupont60. 

There is an approximate 22% reduction in when the RNTIOOO profile is 

used twice or in conjunction with the Dupont60 profile. There is also a ISjim 

reduction in film thickness when the RNTIOOO profile is used. 

The results confirm that the electrode material is a critical part of the fabrication 

process. Therefore, to achieve the optimum piezoelectric activity for a chosen 

application it is essential to match the electrode material with the desired 

process. 
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8.5 Co-firing with a silver/palladium top electrode 

Following the co-firing with gold electrodes it was important to conduct the 

same study with silver/palladium electrodes. The optimised PZT paste using 

CF7575 glass was mixed and printed on to a pre-fired silver/palladium bottom 

electrode and then dried in the IR drier. A silver/palladium top electrode was 

subsequently printed and dried on top of the dried PZT layer using the standard 

process. Once dried, the substrate was cleaved in half. The two halves of the 

substrate were subsequently fired using the Dupont60 and RNTIOOO profiles. 

8.5.1 Results and Conclusion 

Both substrate halves failed to co-fire correctly. The silver/palladium top 

electrode peeled away from the PZT layer around the edges. The remainder of 

the electrode can easily be removed from the PZT layer with minimal force. 

This study shows that silver/palladium is not suitable for co-firing using these 

firing profiles. The peeling is due to thermal coefficient of expansion 

mismatching between the PZT layer and electrode layer. This mismatch means 

the silver/palladium layer contracts faster than the PZT layer and the electrode 

layer comes away. 

8.6 Poling parameter optimisation 

The poling field investigation in section 6.4.1 showed that increasing the applied 

poling field will increase the measured 633,f of the PZT film. Building on this 

work, a study of the effects of poling time and temperature on the dgĝ f coefficient 

was conducted. A device from the 4:lpoly batch, described in section 7.11, was 

chosen to be used for all the poling experiments. The device consisted of 

silver/palladium bottom electrode, silver polymer top electrode and the 

optimised PZT paste layer. 
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It is believed that the longer poling time allows the electric dipoles within the 

PZT layer greater time in which to align with the poling field. In addition, it is 

believed that an increase in temperature will provide more energy to the PZT 

layer to allow the dipoles to realign more easily. 

8.6.1 Poling time study 

The aim of this study is to observe the effects of poling temperature on the dsŝ f 

value. The selected device was de-poled to begin with and then poled over a 

range of times between 3 minutes and 24 hours. The device was de-poled by 

placing it on a hot plate for 4 minutes at 200°C. The de-poling procedure was 

conducted between each stage of the study. Subsequent measurements of the 

d33,f value were made after each poling cycle. 

The poling field was maintained at 4MV/m for each stage of the study, with a 

poling temperature of 150°C. The poling field was maintained for a set time, 

once this time had elapsed the device would be cooled for 5 minutes. The 

cooling was performed with the aid of a fan to reduce the temperature to 

approximately 80°C. The poling field was maintained throughout this cooling 

period. The device would then be removed from the hot plate and the d33,f 

coefficient was measured using the PM35 piezometer along with a reference 

sample to ensure consistency. The d33,f value was recorded over an average of 

five measurements, the results are shown in figure 8.7 below. 
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Figure 8.7: Poling time study, 4MV/m applied at 150°C. 
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8.6.2 Discussion of results 

The poling time study has shown increasing the poling time will increase the 

piezoelectric activity of the material. Figure 8.7 shows that the difference 

between 5 minutes and 2 hours poling time is not as significant as the difference 

between 3 minutes and 5 minutes. The standard poling process used throughout 

this thesis uses a poling time of 30 minutes. The results of this study show that 

there is only a slight reduction, -6%, in the piezoelectric properties if a 5 minute 

poling time is used. Therefore, it was decided that the next stage of the poling 

study would use a 5 minute poling time to obtain the final results more swiftly. 

8.6.3 Poling temperature study 

The aim of this stage of the study is to observe the effect of poling temperature 

on the piezoelectric activity of the device. A range of temperatures from 50°C to 

250°C were investigated. As before, the device was de-poled and then poled 

with each temperature in sequence. 
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The results from section 8.6.2 showed that a 5 minute poling time would be a 

more efficient use of time. Therefore, the 4MV/m poling field was applied to the 

device for 5 minutes and maintained for a further 5 minutes whilst a fan cooled 

the device as described previously. The dgsj coefficient of the device was 

measured using the PM35 piezometer along with a reference sample for 

consistency. The dsŝ f value was recorded as an average from five readings, the 

results are shown in figure 8.8. 
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Figure 8.8: Poling temperature study, 4MV/m applied for 5 minutes. 

8.6.4 Discussion of results 

The results from figure 8.8 show that there is a steady increase in piezoelectric 

response as the poling temperature is increased. The 633,f value begins to remain 

consistent beyond 175-200°C. Beyond 250°C the solder and wires attached to 

the device began to melt and the poling process was made more difficult above 

this point. The results confirm that an increase in poling temperature leads to an 

increase in piezoelectric activity for the film. 
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8.6.5 Combination of poling time and temperature 

For a commercial process, the optimum poling parameters must produce the 

highest piezoelectric responses in the shortest times. This study has shown that 

the longer a material is poled, and the higher the poling temperature, the greater 

the piezoelectric response from the device. Following this work, a compromise 

between time and temperature was studied to achieve the same results as the 

current process of 30 minutes at 150°C. 

It is essential to develop a poling process that is practical and can be sustained by 

the existing devices. The results from section 8.6.4 showed that beyond 250°C 

the devices were difficult to pole. Therefore, a poling temperature of 225°C was 

selected to reduce the potential deterioration in the electrodes connection and 

electrode material of the device. 

The poling time study was repeated between 3 minutes and 1 hour at 225°C 

using a poling field of 4MV/m. At each stage, the average dgsj value was 

recorded using the PM35 piezometer. The results are shown in figure 8.9. 

Figure 8.9 also contains the original poling time results from section 8.6.1. 
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Figure 8.9: Optimum combination of poling time and temperature. 
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8.6.6 Discussion of results 

Figure 8.9 shows that the increased poling temperature has generated an increase 

in measured dggj value at each point in the poling time studied. This follows 

both sets of results from figure 8.7 and 8.8 and confirms the hypothesis that the 

piezoelectric activity in the film is optimised when the highest poling 

temperature and longest poling time are used. 

8.6.7 Conclusions 

The combination of 225°C poling temperature and 5 minutes poling time provide 

a balance between an optimum 633,f value and a reduction in the poling time. 

The standard poling parameters using a poling time of 30 minutes at a 

temperature of 150°C produced a dggj value of 77pC/N. The combination of a 5 

minute poling time with a poling temperature of 225°C produces a dsŝ f value of 

78.5pC/N. 

The reduced poling time produces similar dsŝ f values using a poling time that is 

more suitable for a high volume commercial process. Therefore, subsequent 

poling processes will use these new values, unless otherwise stated. 

8.7 Optimum PZT thick-film paste formulation 

Following the results from the previous sections the final paste formulation and 

firing profile was decided. A paste composition of 18wt.% attritor3, 72wt.% ball 

and lOwt.% CF7575 powder produces the optimum level of piezoelectric 

activity. 

To further optimise the piezoelectric activity a gold bottom electrode was used 

for the final devices. This removes any possibility of silver migration into the 

PZT layer during the firing process. 
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8.7.1 Processing 

A standard substrate was screen-printed with ESL 8836 gold cermet bottom 

electrodes and subsequently fired using the RNTIOOO furnace profile. The 

optimum thick-film PZT paste was printed and dried on the substrate using the 

standard printing process. For comparative purposes, one half of the substrate 

was fired using the Dupont60 furnace profile with the other half fired using the 

RNTIOOO furnace profile. Once fired, a silver polymer top electrode was printed 

and dried using the standard process described in section 6.2.1. 

8.7,2 Results 

Once fired, the devices were poled with an applied field of 4MV/m at 225°C for 

5 minutes. However, the poling temperature was reduced to 200°C because the 

solder was melting and burning off sections of the polymer electrode. The dggj 

values were measured using the PM35 piezometer with an average dssj value 

recorded over six samples. The results are shown in figure 8.10 below. 
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Figure 8.10: Average dgsj values for optimum PZT paste 
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A device was removed from the substrate fired using the RNTIOOO profile for 

viewing with the SEM. The SEM micrograph shown in figure 8.11 is a cross 

sectional view of the fired PZT layer. 

Figure 8.11: SEM micrograph of the optimised PZT paste fired using the 
RNTIOOO profile. 

8.7.3 Discussion of results and conclusions 

Figure 8.10 shows that using the RNTIOOO firing profile and the optimised 

poling process increases the measured dggj value to 121pC/N. The device was 

re-poled using the poling time of SOminutes used previously but maintaining the 

increased poling temperature of 200°C. This produced a measured dsŝ f value of 

131pC/N. 

The SEM micrograph shown in Figure 8.11 shows the density of the film has 

increased compared to the same material fired using the Dupont60 profile. The 

increased density is due to the higher temperature generating a greater amount of 

sintering between the glass and the PZT and potentially between the smaller PZT 

particles within the film. 
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8.8 Conclusions 

The results from this chapter have seen further optimisations of the PZT-5H 

thick-film. A final paste composition of 18wt.% attritorS, 72wt.% ball and 

lOwt.% CF7575 powder has been shown to produce the optimum piezoelectric 

response. 

Alternative firing profile and electrode combinations have been evaluated. The 

highest piezoelectric activity was generated when a firing profile with a peak 

temperature of 1000°C was used. This higher firing temperature has increased 

the density of the fired film and therefore increased the mechanical coupling of 

the film. When combined with an ESL 8836 gold bottom electrode and an ESL-

1110-S silver polymer top electrode a dsŝ f value of 121pC/N was achieved. Part 

of this process included a study of the poHng time and poling temperature. A 

reduction in poling time to 5 minutes with a temperature of 225°C was shown to 

produce the same piezoelectric activity as the previously used 30 minutes at 

150°C. 

The work in this chapter has contributed towards an increase in measured dgs.f 

value from 18.5pC/N for the original thick-film PZT-5H paste to a current 

highest measured dsgj value of 131pC/N. 
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9 Material properties of the optimised paste formulation 

9.1 Introduction 

This chapter covers the details of a range of measurements taken to provide the 

characteristic values for the optimised PZT films from chapter 8. Where 

necessary a description of each of the theory, measurement techniques and 

experiments is given. The chapter ends with a table of material properties for the 

optimum PZT paste. 

9.2 Main characteristics of the thick-film 

A number of the main characteristic properties of the thick-film devices can be 

determined from simple experimental, measurement and arithmetic means [5]. A 

sample from the optimum devices (10% CF7575, 18% att3 PZT, 72% ball PZT, 

gold bottom electrode, mtlOOO firing profile, silver polymer top electrode) was 

used to obtain characteristics for the final PZT film. 

The piezoelectric constant, dss.f, capacitance, C and the dielectric loss tangent, 

tan 5 were measured using the Take-Control PM35 piezometer. The thickness of 

the PZT layer was measured using a Mitutoyo293 micrometer, the electrode area 

was determined from the screen design. Using these measurements it was 

possible to calculate the dielectric constant, the permittivity of the film, 

8̂ 33, and the piezoelectric voltage constant, gsa, using equations 9.1, 9.2 and 9.3 

respectively, where 8o is the permittivity of free space, 8.85x10'^^ F/m. 

PZTthickness • C 
1(33 = [9 1] 

electrode area ® Eg 

== p).2] 

§33 - [9.3] 
3̂3 
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The measured and calculated values are given in table 9-1 below. 

Description Symbol Value 

Piezoelectric strain constant d33 131pC/N 

Piezoelectric voltage constant g33 14.05xl0-^Vm/N 

PZT thickness t 72pm 

Electrode area A s i x i o V 

Capacitance C 8973pF 

Dielectric loss Tan 6 0.0104 

Relative dielectric constant 90L2 

Relative permittivity 8̂ 33 7.97xlO-^/m 

Table 9-1: Characteristics of the optimum PZT thick-film material. 

In addition to these basic characteristics it is possible to obtain the Young's 

modulus and the film density. However, these measurements require a more 

complex approach. 

9.3 Young's modulus 

It is possible to determine the Young's modulus of a PZT film printed on a 

substrate using a number of complex stress and strain formulae [98]. However, 

these formulae require a number of variables that are difficult to obtain and 

complex mathematics to solve. A simple method to determine the Young's 

modulus was devised by N. Grabham at the University of Southampton [99]. 

The technique uses a combination of experimental and computer modelling. 

ANSYS finite-element (FE) modelling tool is used to determine the expected 

deflection of a bimorph beam and the results are compared to the practically 

measured deflection of the beam under load. Using this data, the Young's 

modulus of the film can be determined by an iteration process. 
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9.3.1 Experimental method 

Six PZT strips were printed on to a 96% alumina substrate scored to provide six 

bimorph strips with a pattern shown in figure 9.1. 
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Figure 9.1: Substrate layout for Young's Modulus experiment 

The optimum PZT paste was printed directly on to the substrate using the 

standard screen-printing process. The substrate was dried using an IR drier, 

140°C for 10 minutes, then fired on a belt furnace using the mtlOOO furnace 

profile. Once fired, the 6 individual strips were separated and numbered for 

measuring. 

The test equipment used to measure the Young's modulus consisted of: a clamp 

to hold the substrate in place, a micrometer to measure the deflection of the 

beam, and a piece of wire suspending the weights from the substrate to induce 

the deflection. This equipment is shown in figure 9.2. 
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Figure 9.2: Photograph of test equipment used to measure deflection of a 
bimorph. 

A set of 50g and lOOg masses were used to apply a weight to the clamped 

substrate, each mass was measured using a Precisa 1600C electronic weighing 

scales to determine the exact mass and it is these values that were used in 

subsequent graphs and equations. The deflection of the beam was measured with 

steps of 50g mass applied, the results were recorded and plotted using the Excel 

spreadsheet software and a line of best fit was determined from these values. 

The equation of the line was set with an intercept at zero rather than a straight 

line of best fit because there would be zero deflection with zero mass applied. In 

addition to the 6 bimorphs, an alumina strip from a substrate of the same 

thickness was also measured to determine the Young's modulus of the substrate. 

It was discovered that the initial readings showed greater deflection than 

expected when the PZT layer was applied compared to the bare substrate. The 

reason for this discrepancy was that the substrate sample had not been fired. The 

firing process has a stiffening effect on the substrate. Therefore, the bare 

substrate sample was fired using the same mtlOOO furnace profile as the PZT 
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samples and measured again. Figure 9.3 and 9.4 give an example of these 

measurement plots for the alumina strip and for sample 1 respectively. 
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Figure 9.3: Substrate fired with no PZT using mtlOOO firing profile. 
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Figure 9.4: Sample 1, PZT bimorph fired using rntlOOO furnace profile. 

Figures 9.3 and 9.4 show that when a PZT layer is printed on to the substrate the 

deflection of the beam is reduced as expected. Using these plots in conjunction 

with the line of best fit, the expected deflection for a 4N applied load was 

calculated. The average deflection from the 6 samples was subsequently used to 

determine the desired deflection for the ANSYS FE model. 
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In addition, it was necessary to determine the density of the film. The mass of 

the substrate with and without the PZT layer was measured after firing. Using 

the volume of each film an average density for the PZT layer and the substrate 

were calculated, Pave=4810kg/m^ and the Psub-4480kg/m^ respectively. The 

value for Poisson's ratio is o=0.31 as a standard value for piezoceramics [11] 

and a=0.25 for the alumina substrate [78]. 

9.3.2 Modelling the bimorph 

The ANSYS model, given in appendix C, is a representation of the bimorph 

beam. The model has the load applied in an equivalent position to that of the 

actual sample and produces a set of deflection results for a given applied load. 

The values calculated above for the Poisson's ratio and density were entered into 

the ANSYS model. The PZT layer was removed from the model leaving only 

the substrate. A value for the Young's modulus was subsequently entered and 

iterated until the model deflection corresponded with that of the measured 

deflection shown in figure 9.3. The Young's modulus was determined to be 

254Gpa for the substrate. The PZT layer was then reintroduced to the model. 

The Young's modulus for the substrate was added to the model. Following the 

same iterative process, the Young's modulus of the PZT layer was determined to 

be 26Gpa. 

9.4 Curie Temperature 

A piezoceramic experiences a crystallographic phase change as it is heated 

beyond a specific temperature known as the Curie temperature. This phase 

change results in a loss of piezoelectric activity in the material. Therefore, it is 

important to determine the Curie temperature of a material to establish the 

working temperature range of a material. This is discussed in more detail in 

section 2.2.1. 
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9.4.1 Experimental method and results 

The same optimised PZT device from section 9.2 was used for this experiment. 

The device was re-poled at 200°C for 5 minutes with an applied field of 4MV/m. 

The PM35 piezometer was used to measure the dggj value and a hotplate was 

then used to heat the device over a range of temperatures from 50-240°C. The 

device was heated for 4 minutes at each stage to ensure sufficient transfer of heat 

through the PZT layer. The 633,f value was measured at each temperature step 

and an average value was recorded. These values are shown in figure 9.5 below. 

140-

120-

100 -

z 
0 80 
Q. 

ro 60 -
CO 

60 -
T3 

40 -

20 -

0 -

Temperature 

Figure 9.5: Graph of dsŝ f versus temperature for optimised PZT-5H thick-film 
paste. 

The results in figure 9.5 show a decline in the piezoelectric activity as the 

temperature is increased. The measured dsâ f values are fairly consistent until 

160-190°C where they begin to decline at a faster rate. It was therefore judged 

that the Curie temperature for the optimised PZT thick-film is similar to the bulk 

PZT-5H equivalent. An alternative method may obtain a definite Curie 

temperature by observing the changes in dielectric constant. The dielectric 

constant should reach a maximum at the thermal transition point. 
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9.5 Characteristic values for tlie final thick-fi lm 

Table 9-2 is an extension of table 9-1 which includes the data from the Young's 

modulus and Curie temperature experiments. The characteristic values for the 

optimised PZT-5H thick-film are compared to an equivalent pressed bulk PZT-

5H device [11]. 

Description Symbol Value: Bulk 5H Value: Thick-film 5H 

Piezoelectric 
strain constant dss/dss.f 593pC/N 131pC/N 

Piezoelectric 
voltage constant g33 19.7xlO-^Vm/N 14.05xl0-^Vm/N 

PZT thickness t 220)im 12\\m 

Electrode area A 72.4xlO-*m2 81xlO-^m^ 

Capacitance C 9902pF 8973pF 

Dielectric loss Tan 8 0.025 0.0104 

Relative 
dielectric 3400 90L2 
constant 

Relative 
permittivity 6̂ 33 30.1x10 *F/m 7.97x10 *F/m 

Young's 
Modulus 

Y 71GPa 26GPa 

Density P 7450kgAn3 4810kg/m^ 

Curie 
Temperature Tc 195^: 195°C 

Table 9-2: Final value comparison between bulk and thick-film 5H 
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9.6 Discussion of results 

The results from table 9-2 show that the values for the screen-printed thick-film 

PZT-5H material compares favourably with the equivalent pressed bulk material. 

The most significant result that this research is concerned with is the 

piezoelectric strain constant, 633,f. Table 9-2 shows a significant difference 

between the high bulk value of 593pC/N and the maximum thick-film value of 

131pC/N. However, the clamping investigation showed that the value of the 

bulk device was significantly reduced, with the results in section 4.3 giving a 

clamped dssj of 138pC/N [100]. This result was achieved with a bulk device 

clamped to an alumina substrate thus indicating that the thick-film is as effective 

as the bulk equivalent. The dielectric loss, permittivity and dielectric constant 

compare well to the bulk material and show that the thick-film material is well 

suited to the high frequency applications where these characteristics are 

important [5]. 

The structural characteristics defined by the Young's modulus and density show 

that the thick-film material still has a significant area of improvement which 

could lead to further improvements in dssj. This is confirmed by the results on 

film densification, chapter 7 [101], which showed a significant improvement in 

piezoelectric activity with improved film density. The PZT layer is anisotropic 

and therefore the Young's modulus of the film changes depending on the 

measurement and poling direction. The Young's modulus measured is 

equivalent to the open circuit elastic constant in the 1 axis, Y ^ n , because there 

were no electrodes on the samples and only the lateral strain was measured. 

The Curie temperature experiment showed that the Curie temperature for the 

optimised thick-film was only slightly below that of the bulk PZT-5H, 170°C 

and 195°C respectively. This reduction in Curie temperature is beheved to be 

because of the changes in the stoichiometry of the film during the firing process. 

Because the stoichiometry is not the same as the bulk device, characteristics such 

as the Curie temperature and piezoelectric activity will be different. 
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9.7 Conclusions 

The series of optimisations throughout this thesis have resulted in a significant 

increase in measured dssj for the thick-film PZT-5H material. The subsequent 

measuring of the final characteristic values for the thick-film samples has also 

compared favourably with the existing bulk equivalent. A maximum 633,f of 

131pC/N has been measured for a thick-film device poled for 30 minutes at 

200°C which compares well to the value of a bulk device clamped to the same 

alumina substrate with a 633 of 138pC/N. This value represents a significant 

improvement from the original 18.5pC/N measured for thick-film PZT-5H 

devices and shows the significant steps made in improving the dsŝ f value during 

the course of this research. The values in table 9-2 also indicate the applications 

that the thick-film devices would be suited to, the low dielectric loss, permittivity 

and dielectric constant are advantageous in many high frequency applications 

such as ultrasonic sensors and transmitters and the low frequency area of sonar 

applications. The density and young's modulus of the films are reduced 

compared to the bulk material. These characteristics could be improved by 

further research into improving the density of the film both in terms of particle 

distribution and bonding matrix but also compression of the f i lm during drying 

and firing. Improvements in the density of the film should lead to improvements 

in the rigidity of the films and also the mechanical properties improving a 

number of the film characteristics such as dssj. The value of 26GPa for the 

thick-film Young's modulus compares favourably with the value of 18GPa 

obtained by P. Glynne-Jones in previous experiments with the original non-

optimised PZT-5H thick-films [102]. 

158 



Multilayer structures using thick-film PZT 159 

10 Multilayer structures using thick-film PZT 

10.1 Introduction 

This chapter describes the application of the optimised paste and processing 

conditions to a multi-layer structural approach to further improve upon the 

measured thick-film The methodology involved in the screen design and 

the experimental plan and process are covered with a discussion of the results 

achieved and their implications for future applications. 

10.2 Principle of multi-layer structures 

The effective 633 of a device can be increased in many ways; one of the simplest 

methods is to increase the number of PZT layers in the device. If these layers are 

connected in series, the charge or strain generated by each layer is summated, 

thus increasing the overall measured 633,f of the device. This multi-layer 

structure does not increase the piezoelectric activity of the PZT layer itself so the 

d33 values are quoted as the multilayer 633, d33,m-
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Figure 10.1: Two PZT layer structure (a) applying a poling field (b) applying a 
compressive force. 

Figure 10.1 shows the concept of the multilayer structure for two PZT layers. 

Figure 10.1(a) shows the polarity and electrode connection for the two PZT 

layers when a poling field is applied. Figure 10.1(b) shows the charge generated 
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from each of the PZT layers as they are compressed. The poling direction 

determines the polarity of the charge generated, which is then summated at the 

output to produce twice the charge of a single PZT layer. 

Work by Zhu et al. has shown that the introduction of multiple piezoelectric 

actuators in a series structure increases the effective piezoelectric properties of 

the test structure [103,104]. Figure 10.2(a) shows the principle of the multi-layer 

structure with the arrangement of electrode and piezoelectric layers. Figure 

10.2(b) shows the direction of the poling field on each piezoelectric layer and the 

direction of the driving electric field, both of which result in a summation effect 

of the piezoelectric properties. 
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Figure 10.2: Schematic illustration for the multilayer structure: (a) orientation of 
electrode and piezoelectric layers (b) poling and driving field orientations. 

Zhu et al. [103]. 
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The study by Zhu was conducted using 95% PZT with a 5% lead oxide binder 

and an alumina substrate. An organic film was deposited on the substrate using 

the spin coating method. Spin coating involves a fixed amount of organic 

vehicle deposited on to the substrate, which is then spun. This spinning uses the 

centrifugal effect to disperse the film across the substrate producing a 

homogeneous film. The electrode layers were printed using an ESL 6955 silver 

palladium paste. Each of the electrode and PZT layers were printed and dried in 

turn. Samples with 7-15 piezoelectric layers were fabricated. The organic film 

on the substrate was burnt off at 575°C which allowed for the multilayer 

structure to be released from the substrate. These structures were then fired at a 

peak temperature of 1130°C. The fired electrode and piezoelectric layers were 5 

and 30-60 microns respectively. The overall thickness was dependant on the 

amount of layers and the thickness of the PZT layers. The authors do not report 

which PZT material they use or the bulk properties. However, they do report 

that the piezoelectric values obtained with the multilayer structure are still lower 

than those of the bulk. 

This work has shown that it is possible to print and co-fire multiple stacks of 

piezoelectric and conductive layers. The paper is unclear on the piezoelectric 

benefits provided by the number of layers except to say that the structure 

provides a significant displacement that is suitable for future hard drive actuator 

applications. Therefore, it is beneficial to investigate a multilayer structure using 

the optimised paste to observe if the summation theory is correct. 

10.3 Screen design 

When developing a multilayer structure using thick-film technology, it is 

important to consider that as each layer is added, the step distance between the 

substrate and other layers is increased. This increase in step size can lead to 

difficulties in printing further layers as the printer requires more print strokes in 

order to fully cover the intended design. This leads to a build up of material on 

the raised parts of the design or a smearing of the overall pattern. To avoid these 
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problems, it is important to reduce the step size between each layer that is 

covered by the print pass. 

The design for this multilayer study is based on the standard prototype design 

covered in section 3.3.3. Because the design has relatively large electrode areas 

the print step problem has a reduced effect. However, the screen was designed to 

have a progressive step between the second, third and subsequent electrode 

layers. This was possible with the introduction of an additional tab in line with 

where the next electrode will be; this is also included on the PZT layer. Figure 

10.3 shows the screen design for each layer; only one device is shown but the 

actual screens provide 16 evenly distributed devices per substrate. The PZT 

layer is 10mm by 6mm. 

(a) (b) (c) 

Figure 10.3: Multilayer screen design, (a) bottom electrode (b) PZT layer (c) top 
electrode. 

Figure 10.3 illustrates the use of tabs to reduce the step size for the PZT layer 

and the top electrode thus aiding the printing process. In addition, the design in 

figure 10.3(a) was printed on the underside of the substrate to make the design 

compatible with the PM35 piezometer as discussed in section 3.3.3. 

10.4 Experimental procedure 

A related issue with multilayer structures is that the piezoelectric properties of 

certain PZT material types dechne for each firing cycle the PZT layer endures. 

The proposed multilayer structure will involve the PZT layer being fired 2-6 

times depending on the number of layers. Therefore, the bottom PZT layers 

could suffer from depreciation in value compared to the top layers. This 
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would reduce the overall d33,m of the structure. This problem was noted in the 

firing profile experiment, see section 8.4, when an electrode layer was fired on 

top of the fired PZT layer, causing a reduction over its co-fired counterpart. 

Following on from this work, it was decided to attempt a number of co-fired 

layers to determine if they would fire effectively together and if it resulted in an 

increase in dsŝ m-

The PZT paste used was '4:1 Att3:Bair milled powder with 10% CF7575 lead 

borosilicate glass, chapter 7 [101]. An ESL 8836 gold cermet paste was used for 

all the electrode layers. 

The experimental plan is shown in table 10-1 below. Each substrate followed a 

sequence of print and fire stages to obtain a full range of possible results. One 

substrate had a single layer printed and co-fired on it to use as a reference 

sample. With the exception of substrate 5, all the substrates had a fired bottom 

electrode before the rest of the structure was printed. 

Substrate 
Bottom 

Electrode 
Fire 

PZTl 
Elect! 

Fire 
PZT2 
Elects 

Fire 
PZT3 
EIect4 

Fire 

1 Yes Yes Yes Yes N/A N/A N/A N/A 

2 Yes Yes Yes Yes Yes Yes N/A N/A 

3 Yes Yes Yes Yes Yes Yes* Yes Yes 

4 Yes Yes Yes No Yes N o Yes Yes 

5 Yes No Yes No Yes No Yes Yes 

Notes: *One row of substrate was removed for measurements 

Table 10-1: Printing and firing sequences for each substrate. 

At each stage, a combination of PZT layer and electrode layer were printed and 

dried respectively using the standard process described in this thesis. 

Subsequently, depending on the substrate number, the printed layers were then 

co-fired or another combination of electrode and PZT layers printed on top. The 

RNTIOOO furnace profile, table 8-2, was used for each firing step given in table 
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10-1. The printing, drying and firing stages were all conducted inside the 

University of Southampton clean room facility. 

Once fired, the devices were removed from the clean room for poling. The 

multilayer structure makes it difficult to determine the thickness of the individual 

PZT layers. To obtain the required poling field it was assumed that each PZT 

layer would be the same thickness and each electrode layer was as thick as the 

underside electrode. Therefore, the PZT thickness was obtained by measuring 

the overall thickness of the structure then subtracting the thickness of the 

electrode layers and dividing the result by the number of PZT layers. To reduce 

the chances of dielectric breakdown a poling field of 4MV/m was chosen for all 

the devices. This voltage was maintained for 5minutes with the substrate placed 

on a hotplate at 200°C. After 5 minutes the substrate was cooled to room 

temperature. The for each device was then measured using the PM35 

piezometer. 

10.5 Results 

Figure 10.4 shows the results obtained from the experiments in table 10-1. The 

results show that the increased number of layers does increase the dgĝ m 

dramatically, from 77pC/N for one layer to 325pC/N for three layers. 

A number of devices were lost during the poling processes due to problems 

attaching solder to the gold electrodes. The increased thickness of the gold 

electrodes and the gold layer being burnt off due to the high soldering 

temperatures made it difficult to attach the wires necessary for poling. 
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Figure 10.4: Multilayer structure experimental results 

The results from figure 10.4 show that there is no direct linear relationship 

between the number of layers and the improvement in for three PZT layers 

it would indicate a slightly exponential increase. However, the results do show 

that each additional PZT layer does add to the overall piezoelectric properties of 

the structure. 

Figure 10.4 also shows that there is little difference between the individually 

fired and the co-fired devices when three PZT layers are used compared to two 

layers. This difference could be due to a reduced print quality for the co-fired 

devices compared to the individually fired devices. This would imply that any 

advantage gained from co-firing was negated by the quality of the print. This 

result shows that there is no significant detrimental effect in co-firing 3 PZT 

layers. 

10.6 Discussion of results 

The results have shown that it is possible to co-fire three PZT layers and their 

associated electrodes. However, the structure itself could be improved as the 

print quality was not as high as a single layer device. The increased structural 
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height became harder to print beyond two PZT layers due to the step down to the 

substrate surface. The print quality could be improved with development of an 

optimised screen design for a multilayer structure. 

Problems with soldering wires to the electrode pads were evident with the 

increase in layer numbers, this could be improved with the introduction of a final 

silver/palladium electrode layer to cover the pads as this material is better suited 

to the soldering process. 

The results have shown a non-linear increase between one and three PZT layers. 

It is clear from the co-firing results that this non-linear result is not due to a 

reduction in firing cycles for the top and bottom PZT layers. It is proposed that 

the increase in d33_m is due to a reduction in the clamping effects of the substrate 

as the structure thickness increases. 

Finally, the results show that there is no significant reduction in performance 

when co-firing compared to individually firing the PZT layers. In addition, with 

three PZT layers a slight improvement was observed with the co-fired devices 

compared to the individually fired devices. 

10.7 Conclusions 

The investigation has confirmed that the introduction of additional stacked 

devices connected in series will increase the overall dsâ m of the device. The 

optimum dsŝ m achieved by co-firing 3 PZT layers was 325pC/N and is the 

highest 633,m achieved so far in this research. This work shows that dramatic 

improvements in piezoelectric responses can be achieved in applications where a 

multilayer structure is a viable design option. Multilayer structures provide 

improvements for both sensor and actuator applications. 

Future work could consider the development of a technique based on the double-

paste printing technique developed by Moilanen et al. [105]. This technique 

works on the principle of dividing the printer blade in two and rotating the 
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substrate so that each print prints a different material layer, it is described in 

more detail in section 2.4.1. 

The results have shown that there are no significant problems when co-firing 

gold electrodes and the optimised PZT paste. Therefore, combining the co-firing 

with a faster printing method, such as the double-paste printing technique, will 

be considered valuable in reducing the printing time and costs of any future 

applications. 

The study by Zhu used silver palladium electrodes but the results in section 8.5 

show that this is not possible with the ESL 9633B silver palladium. Further 

work should consider an alternative silver palladium material. This could solve 

the problem of soldering to the electrode layers and further reduce the costs 

involved in potential applications. 
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11 Applications 

11.1 Introduction 

This section describes a number of applications that the optimised PZT paste is 

currently being developed or used in. The author has prepared the screen-

printable pastes in all the applications and has performed the printing where 

stated. These applications are: the triple beam resonator [106], ultrasonic sensors 

for fluid separation [107], a multi-degree of freedom ultrasonic motor [67] and a 

robotic manipulator [108]. Benefits provided by the optimised PZT paste for 

each of these applications are discussed in detail. 

11.2 Triple beam resonator 

Resonant structures have a wide range of applications in the sensors field [109]. 

Typically a resonant sensor has a structure that has a vibrating element that will 

change frequency as a function of the desired measurement characteristic, 

usually physical or chemical. The first application the optimised paste 

contributed to was a triple beam resonator developed by Yan et al. [106]. The 

screen-printed PZT film is used as both the actuator and sensor element of the 

device. The resonator structure consists of three parallel beams joined at each 

end to a decoupling zone which is then connected to the rest of the structure. 

Figure 11.1 shows the plan view of a single device. 

Figure 11.1: Photograph of the metallic resonator. 
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The structure was designed using finite element (FE) modelling and from this the 

modal behaviour of the structure was determined. Using this information the 

maximum stress points in the structure were also obtained and the PZT elements 

placed at these points along the central beam. The position of the PZT elements 

maximises the mechanical coupling between the PZT and the structure thus 

maximising both the actuation and detection signals. The PZT element at one 

end drives the beam into the correct mode whilst the PZT element on the 

opposite end detects the vibrations. The structure has three fundamental 

vibration modes. In mode 1, the three beams oscillate in phase. In mode 2 the 

central beam remains still whilst the outer beams oscillate 180° out of phase with 

respect to each other. In mode 3, the central beam oscillates in anti-phase with 

the outer beams. The third mode gives the optimum operating conditions for the 

device to work as a resonate sensor, giving it the highest Q factor. The high Q 

factor is a result of the design being dynamically balanced; the two outer beams 

moving in the opposite direction balance the stress exerted on the ends of the 

structure by the central beam. 

The main structure of the resonator was fabricated from a 0.5mm thick 430S17 

stainless steel wafer using photochemical etching. A dielectric layer was printed 

on the substrate at the predefined sensing and actuating points to electrically 

isolate the PZT devices from the steel. On top of this dielectric layer, a gold 

bottom electrode, PZT layer and gold top electrode were then deposited, dried 

and fired. The PZT elements were subsequently poled with a 4MV/m electric 

field and then tested in air with a spectrum analyser. 

The third resonance mode was determined to be 6.2kHz and was shown to give 

the highest amplitude response and a measured Q factor of 3100. This Q factor 

is a vast improvement on similar work developed by Fabula et al with a silicon 

triple beam resonator recording a Q factor of 400 [110]. 

Whilst a high 633,f value is not as essential in this application it still allows for a 

better signal response and actuation of the resonant structure. The high dss.f of 

the optimised paste will allow for simpler electronic circuitry in the feedback 
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control loop necessary for the device to operate. In addition, it has been shown 

that early attempts to use polymer based PZT films have provided high enough 

signals to be detected by the spectrum analyser but not sufficient for use in a 

practical system, improving the 633,f of these using the techniques described in 

this thesis will allow for further development of the sensor design. The good 

frequency qualities, low dielectric loss, of the film and the repeatability between 

samples improve the overall quality of this application. 

11.3 Ultrasonic micro-fluidic separator 

Work by Harris et al. [107,111] has been concerned with using ultrasonic waves 

to provide continuous flow filtration on a micro fluidic scale. The aim of this 

work is to fabricate devices that are compatible with existing micro-fluidic 

systems and to potentially replace the existing centrifugal separation techniques 

for analysing on a micro-fluidic scale. 

Ultrasonic standing waves can be used to generate small forces on particles 

within the acoustic field. This has the effect of moving the particles to a 

particular point within a fluid where the pressure forms a node or anti-node. 

This effect can be used to aggregate particles in a specific area, manipulate and 

fractionate particular particles or to separate groups of particles from the carrying 

fluid. A simple design for a micro-fluidic separator is shown in figure 11.2. 

Pyrex Refltx-lor 

y / Fluid Ca n> 

> 
Siireon C.amcr / ^ % / 

in 
PZT 

Clean 

Figure 11.2: Schematic cross-section of a micro-fluidic separator. Harris et al 
[107]. 

170 



Applications 171 

The device, shown in figure 11.2, is fabricated from Pyrex and silicon wafers. 

The wafers are etched and then anodically bonded, a bulk PZT plate was then 

bonded to the device using an epoxy resin. Mathematical modelling was used to 

obtain the dimension sizes for the device. The dimensions are essential to 

produce the desired resonant responses required to set up the standing waves 

within the fluid cavity. In order for the fluid to pass in and out of the device an 

aluminium manifold was constructed and the seal between them was achieved 

using a custom silicon 0-ring, the full device is shown in figure 11.3. 

Figure 11.3: The micro-fluidic separator on the aluminium manifold, Harris et al 
[107]. 

Four frequency modes for the device were identified: mode 1 provides a pressure 

maximum at the silicon boundary, mode 2 provides a pressure maximum at the 

reflector boundary and modes 3 and 4 provide a pressure maximum at the centre 

of the cavity. The prototype was constructed and then tested with the use of a 

yeast solution to identify the particle movements. A Frequency Synthesiser was 

used to drive the device via a fixed gain RF amplifier (50dB). The frequency 

was adjusted to obtain the correct resonant modes within the chamber. The 

modes were measured at 1.71, 2.27, 3.44 and 4.1MHz for modes 1 to 4 

respectively. The results showed that each mode performed correctly and the 

yeast particles could be seen to be separated from the fluid flow. 
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The design currently uses a bulk PZT plate bonded to the structure but current 

work is investigated the integration of screen-printed PZT layers. The optimised 

PZT paste developed in this thesis will provide an essential component to the 

new designs, enabling an integration of silicon microfabrication processes for 

integrated electronics and the use of screen-printed layers to reduce costs and 

fabrication time. The high dsŝ f values will reduce the complexity of the required 

electronics and provide greater control of the fluid flow due to the improved 

signal strength. Current work is developing a double-layered screen-printed 

structure on a silicon substrate using the co-firing technique described in section 

8.3. The author of this thesis has printed the electrode and PZT layers successful 

and the devices are awaiting testing. 

11.4 High temperature powders 

The successful optimisation of the PZT-5H paste has lead to interest in the 

improvement of other powder types. Certain applications, such as the oil and gas 

applications discussed in section 11.5, require piezoelectric layers with a higher 

Curie temperature. A detailed study is beyond the scope of this thesis but it was 

decided to investigate a set of high temperature powders to assess their potential 

for further use and compare the results to the optimised 5H-type films. 

11.4.1 High temperature paste compositions 

An initial study of four high temperature powders has been conducted. The 

powders used were Morgan Electro Ceramics PZT-5A, Sigma Aldrich Ltd. 

Lithium Tantalate (LiTaOs), Lithium Niobate (LiNbOs) and Ferro Electronic 

Materials Bismuth Titanate (Bi4Ti30i2). The powders were identified as 

piezoelectric materials that are used in high temperature applications in their 

bulk form and could be developed as thick-film materials. The piezoelectric 

values for each of these materials are given in table 11-1 [89,112], the values for 

PZT-5H are included for comparison. 
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Material 
Piezoelectric 
Coefficients 

Relative 
Permittivity 

Curie 
temperature 

d33(pC/N) dsi (pC/N) Ell (F/m) £33 (F/m) (°C) 

LiNbOs 8 -1 84 30 1210 

LiTaOs 8 -2 51 45 660 

Bi4Ti30i2 190 -78 1450 1700 650 

PZT-5A 374 -171 1730 1700 365 

PZT-5H 593 -274 - 3400 195 

Table 11-1: Bulk properties of high temperature piezoelectric materials 
[89,112]. 

Each powder was mixed with 10% by weight of CF7575 Lead Borosilicate glass 

binder. These powders were mixed into a thixotropic paste using an appropriate 

quantity of ESL-400 pine oil solvent. Table 11-2 shows the composition of each 

paste. 

Powder 
type 

Label 
Percentage 

powder 
Percentage 
7575 glass 

ESL-400 
Solvent (ml) 

PZr-5A 5A 90% 10% 4.8ml 

LiNbO] LN 90% 10% 5.9ml 

LiTaO] LT 90% 10% 6ml 

Bi4Ti30i2 BT 90% 10% 3.3ml 

Table 11-2: High temperature paste compositions. 

11.4.2 Paste processing 

The pastes were mixed in the percentages shown in table 11-2, these were then 

passed through a triple roll mill to disperse the powders evenly throughout the 

paste. The screen designs used were the standard designs used throughout this 

thesis. An ESL-8836 Gold cermet conductor was printed on to a 96% Alumina 

substrate as a bottom electrode and fired on a belt furnace with a 1000°C peak 
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profile. Once fired, the piezoelectric pastes were printed in two layers upon the 

bottom electrodes. Each paste layer was dried in a DEK 1209 IR drier at 140°C 

for 10 minutes then fired with the same 1000°C furnace profile. Once the 

piezoelectric layer was fired a gold top electrode was printed, dried and 

subsequently fired using an 850°C peak profile. This lower profile for the top 

electrode was used to reduce the effects of continued firing on the piezoelectric 

layers. It is considered that prolonged exposure to high firing temperatures can 

have a negative effect on the stoichiometry of the material. 

Each of the piezoelectric layers completed the firing process, with two substrates 

per paste. Elementary tests on the quality of the prints were conducted; these 

include the tape and scratch test described in chapter 3.3.4. All the layers gave 

satisfactory results except for the Lithium-Niobate samples that were damaged 

with only a small amount of effort during the scratch test. Despite this, the 

Lithium-Niobate samples were robust enough to be used in the poling and 

measuring process. 

11.4.3 Poling procedure 

The poling voltage for each material was determined by applying the voltage to 

one sample until dielectric breakdown occurred. The remaining samples were 

poled at 90% of this breakdown poling voltage thus reducing the chance of 

breakdown but maintaining a sufficient poling field. This meant that a different 

voltage was used for each sample. This was considered acceptable because the 

aim of the study is to determine the effect of temperature on dss j not the 

optimum d33,f value. Therefore, consistency between the samples with respect to 

poling parameters is not so important. Table 11-3 gives the poling conditions for 

each material type. 
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Powder type 
Active layer 

thickness 
(|Lim) 

Poling 
temperature 

(°C) 

Poling 
voltage 
(volts) 

Poling time 

5A-type PZT 95 200 280 30 minutes 

Lithium-
Niobate 

60 200 300 24 hours 

Lithium-
Tantalate 

155 200 250 24 hours 

Bismuth-
Titanate 

85 200 260 30 minutes 

Table 11-3: Poling conditions. 

It was discovered that for the Lithium Niobate and Lithium Tantalate samples, 

30 minutes poling time was not sufficient to observe piezoelectric behaviour. 

Therefore, they were poled for 24 hours, which was found to produce measurable 

levels of piezoelectric behaviour. 

Testing each substrate for short circuit devices has shown that a large proportion 

of the PZT-5A and Lithium Tantalate samples are short-circuited. A small 

number of the Bismuth Titanate and the Lithium Niobate are also short-circuited. 

It is unclear why the 5A samples should result in so many short-circuits. The 

average thickness is 95|a,m, this is typically sufficient to prevent breakdown in 

thick-film device. The samples were also constructed using the two PZT layer 

print and dry technique therefore any voids in the film should have been filled. 

11.4.4 Results 

After poling, the dssj coefficient of each of the samples was measured using the 

Take-Control PM35 Piezometer. Five readings were taken per sample and 

averaged across two samples per material type. These measurements were taken 

one month after poling to take into account the natural ageing effect associated 

with the poling process. The results are shown in table 11-4. 
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Sample Label 
Piezoelectric coefficient 

Sample Label 
d33,f(pC/N) 

5A 64 

LN 1.7 

LT 1.5 

BT 2.9 

Table 11-4: Measured values of dss.f, one month after poling. 

Following these results, the temperature behaviour of the samples was 

determined. The remainder of this study was conducted by Dr Grabham from 

the University of Southampton. The samples were placed in an Elite Thermal 

Systems Box Furnace with a Eurotherm 2216 temperature controller and cycled 

up to 800°C in 50°C steps with a 30 minute dwell time at each temperature. The 

d33,f readings were recorded after each stage as before. The results for PZT-5A 

were significantly higher than the other materials so for clarity they are shown 

separately in figure 11.4. Figure 11.5 shows the results for the Lithium Niobate, 

Lithium Tantalate and Bismuth Titanate samples. 

70.0 

« 30.0 
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Figure 11.4: Graph showing 633,f versus temperature PZT-5A. 
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Temperature 

Figure 11.5: Graph showing dssj versus temperature for Lithium Niobate, 
Lithium Tantalate and Bismuth Titanate. 

11.4.5 Discussion of results and conclusion 

The results confirm the four materials resistance to high temperatures with the 

piezoelectric behaviour only falling away as the temperature approaches the 

reported Curie temperatures. The results suggest the maximum practical 

operating temperatures of the films are 350°C, 650°C and 750°C for the PZT-5A, 

lithium tantalate, bismuth titanate and lithium niobate films respectively. The 

lithium niobate samples delaminated from the substrate at 800°C but had 

displayed sufficient piezoelectric activity up to that point. This delamination is 

thought to occur due to thermal expansion coefficient mismatching between the 

electrodes, piezoelectric layer and the substrate. It is likely that the mismatching 

is also responsible for the variation in observed 633,f values across the 

temperature range. 

The low 633,f values seen in figure 11.4 and 11.5 compared to the bulk values 

given in table 11-1 are due to a combination of factors. The clamping effects due 

to the substrate, described in section 4.3, the dilution of the active material by the 

use of a glass binder, increased porosity of the thick-films compared to bulk 
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devices and the change of material stoichiometry due to the firing process. 

Further work is required to determine the degree of influence each of these 

factors has on the final piezoelectric properties of the films. 

In conclusion, the piezoelectric activity exhibited is lower than that observed in 

bulk devices but could be sufficient for some applications. However, this thesis 

provides details of the factors that can be modified with these high temperature 

powders to improve the piezoelectric properties. These factors include the 

powder milling, powder size, glass content, firing and poling parameters. In 

addition, the use of multi-layer structures can be used to further enhance the 

practical application of these high temperature powders. 

11.5 Oil and Gas extraction applications 

When crude oil is extracted from the ground it is in a mixture that contains 

water, gas and particulates. In order for the oil to be in a suitable state for 

refining it must be separated from this mixture. This separation is performed 

inside a separator vessel that allows the mixture to settle into the various phases. 

The problems associated with this are that it is often very high temperature and 

pressure (150° and 15MPa respectively) and there are currently no instruments 

that identify where the phase interfaces lie. This is partly because of the 

environment being harsh but also because the interfaces themselves are not clear. 

There is a gradual separation between the phases between the emulsion of oil and 

water and the foam of oil and gas. Research by Hale et al. has considered the use 

of thick-film technology in solving this problem in cooperation with the 

University of Southampton [113]. 

The initial measurement system incorporated a column of capacitive sensors but 

it was discovered that this was insufficient to completely characterise the phase 

interfaces. Further testing indicated that ultrasound would provide the necessary 

additional measurement characteristics. In addition, it was discovered that 

prolonged exposure to the mixture resulted in the sensor being fouled with oil 

residues; it was therefore decided to attempt to introduce an additional high-
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power ultrasonic cleaning element to the sensor design. Figure 11.6 shows the 

layout for the sensor design. 

ultrasonic cleaning transducer 
top electrode for 
piezoelectric and 
capacitance transducers 

• piezoelectric film 

• Bottom electrode for 
piezoelectric transducer 
only 

alumina tile 

stainless steel support 

Figure 11.6: Advanced dipstick probe: schematic representation of one sensor 
location, Hale et al [113]. 

The capacitance and ultrasonic transducers are constructed using a standard 

thick-film screen-printing process, with gold electrodes printed on to an alumina 

substrate. The transducer pairs face each other across a 20mm gap through 

which the process fluid flows. The high-power ultrasonic transducer is used to 

excite the adjacent sensor tile, which then propagates the signal through the fluid 

to the other sensor tile. This configuration allows both tiles to be cleaned by the 

use of a single transducer. 

Initial testing has been conducted in water at a temperature of 150°C with a 

pressure of 15MPa, as these closely match the most severe phase change within 

the separator. Because this temperature is close to the Curie temperature of the 

PZT-5H paste developed in this thesis, an alternative high temperature 5A paste 

was printed with ESL-8836 gold electrodes [114]. This was prepared in the 

same optimised process procedures as the 5H-type paste. The sensor measures 

the speed of sound through the liquid, which is then related to the volume 

fraction to determine the composition of the mixture. The results indicate that 

these materials are suitable for the design and can sustain the effects of the harsh 

environment. Further developments involving 5H and 5A could lead to an 
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integrated thick-film sensor and cleaner to remove the requirement of an external 

bulk transducer. 

11.6 Ultrasonic motor 

The ultrasonic motor designed by Aoyagi et al [67] uses a PZT actuator to 

induce specific resonant modes into a substrate. These resonant modes (B22, B30 

and Bos) are induced in different directions according to the electrode design, 

these modes can then be combined to vibrate the substrate. On the top side of 

the substrate is a ceramic column that is moved according to the applied resonant 

modes and rotates a ball bearing applied to the top of the column, thus allowing 

the ball bearing freedom of movement in all directions. The principles of this 

movement are shown in figure 11.7. 

Figure 11.7: Resonant modes B22, B30 and B03 respectively and their associated 

displacements, Aoyagi et al [67]. 

The motor design was successfully demonstrated, however, one of the desired 

improvements was the use of a ceramic collar to surround the motor. The collar 

has the effect of mechanically isolating the motor within its boundary, thus 
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allowing the motor to operate whilst held in place and potentially at any angle. 

In practice, when the collar was applied to the design the piezoelectric actuation 

was damped to the extent that the motor could no longer function correctly. 

Therefore, an increase in the piezoelectric properties of the PZT layer would 

allow for the use of the collar and thus improve the functionality of the design. 

The improved piezoelectric properties will allow for improved response in the 

B22 mode in particular which the paper suggests will improve the overall 

effectiveness of the design. 

11.6.1 Finite element modelling 

The operating frequencies quoted by Aoyagi do not included the influence of the 

PZT and electrode layers, it was therefore necessary to consider their effects 

when designing the control circuitry. To determine the frequency of the three 

resonant modes it was necessary to us the ANSYS finite element analysis 

software package. The model was created using a basic wire frame technique 

whereby the key points for the comers of the object for one layer are entered and 

then projected for each subsequent layer of the structure. Once all the key points 

are entered it is possible to create volumes for specific nodes in the design and 

create a complete 3-dimensional structure. The ANSYS software is a solid-

modelling technique and requires that 8 key points define each volume. 

Because the ultrasonic motor in this case is a symmetrical design, it was possible 

to plot the key points for a quarter of the design and then use functions in 

ANSYS to mirror the nodes for the other three quarters. The PZT and electrode 

layers were added to the model but were left as simple circular models to reduce 

complexity. It was considered that the extra electrode tabs in the screen designs 

would have little effect on the resonant frequency of the substrate because they 

are small and connected with only thin strips of electrode layer. 

The model was built in stages to aid in the programming process; the final model 

is shown in appendix C. The values for the Young's modulus, Poisson's ratio, 

density alumina substrate, gold electrode and PZT layer are taken from the 

relevant data sheets and are shown in the model. The PZT thickness and 
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electrode thickness were set to 60|Lim and 7pm respectively. These were chosen 

as typical thickness values for their respective screen-printed layers. 

Using the dynamic view settings in ANSYS it is possible to observe the range of 

resonant frequencies the motor design has, from here it is possible to see the 

frequency at which the desired bending modes, shown in figure 11.7, occur. 

The model produces modal frequencies for bzz, bgo and bos of 19.13kHz, 

16.74kHz and 16.74kHz respectively. This compares to the results quoted in the 

paper for bzz, bso and bos of 16.49kHz, 14.47kHz and 14.47kHz. The difference 

between the individual values in each model is very similar but the model used 

in this thesis has suggested higher modal frequencies. It is believed that the 

reason for the higher resonant frequency is that the material characteristics used 

in the models are slightly different. 

The model provides a reasonable response. For ease of circuit design it is desired 

that the three modes have identical frequency, where this is not possible then 

they must be as close as possible. The results from the model provide an 

indication of the frequency that the motor controller circuit must be able to 

operate at and therefore aids in the circuit construction process. 

11.6.2 Printing and processing the motor 

The ultrasonic motor is screen printed with the same process as previously 

described in this thesis. The screen design for each of the material layers is 

shown in figure 11.8. 
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Figure 11.8: Screen design for ultrasonic motor: bottom electrode, PZT layer 
and top electrode respectively, Aoyagi et al [67]. 

The bottom electrode layer is printed using ESL 8836B gold cermet paste, fired 

using the mtlOOO furnace profile. Because the top electrode will use the same 

gold cermet paste it was decided to co-fire the PZT layer and the gold top 

electrode to improve the piezoelectric properties of the film. The PZT layer used 

the optimum '4:1 Ball:Att3' paste and was dried using the DEK 1209 IR drier at 

140°C for 10 minutes. Once dried, the gold top electrode was printed on top and 

then subsequently dried using the same settings, the substrate was then placed on 

the belt furnace using the mtlOOO firing profile. 

Following the results achieved in chapter 10 a multilayer approach was 

considered for the existing motor design. The existing screen design is easily 

adapted to a multilayer approach, a second PZT layer is printed on top of the 

existing top electrode and then the bottom electrode screen is printed on top of 

this. The second bottom electrode screen use is aligned with the previous bottom 

electrode print thus the entire structure connects the two PZT layers in series 

thereby creating a stacked actuator and improving the d33,m of the device. 
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Once printed and fired, the motors were poled with a 4MV/m field for 30 

minutes using two power supplies in order to pole the different sections at the 

same time using the configuration shown in figure 11.9. 

Top electrode pzr 

a-b section Bottom eiKtode 

pzr 
Bottom dcctrode 
Top electrode ftr B22-fflode 

1 Topeleotodefcf 

Figure 11.9: Polarisation direction for each of the electrode connections, Aoyagi 
et al [67]. 

This polarisation configuration allows each section of the device to be driven 

into a different resonant mode depending on the applied signal. 

11.6.3 Motor controller 

To control the three resonance modes it is necessary to have three independent 

control signals applied to the motor. Previous work on the construction of a 

motor controller has shown that it is possible to construct a circuit using one 

signal generator source and performing signal processing on the output to obtain 

three independent signals for the motor [115]. The block diagram for the motor 

controller system is shown in figure 11.10. 
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Figure 11.10: Block diagram of the motor controller system. 

Figure 11.10 gives the main system blocks for the motor controller design. The 

phase change section will split the signal generator signal into three output 

signals to the power amplifier stage but each output signal could be one of three 

phases (0°, 90° and 180°) depending on the direction and type of movement 

desired in the ultrasonic motor. The power amplifier and transformer stages 

boost the signal to drive the motor which requires 150-200V per signal to drive it 

into the required resonance mode. Further details are contained within the 

relevant references. 

11.6.4 Results and conclusion 

Due to time constraints it was not possible to achieve a fully working motor-

controller. The main components of the system including the splitting of the 

input signal and the selection of individual phase on the three channels was 

achieved. However, a connection between the transformer and motor stage 

could not be reliably achieved. The reasons for the unreliability require a more 

detailed study of the frequency response and power constraints of the system is 

required. 

The problems associated with the driver circuit did not allow for a full 

demonstration of the improvements in the design. However, the results given in 

this thesis show that in principle the motor functions will be improved by the 

optimised paste formulation and processing parameters as Aoyagi had previously 
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used material with a highest dggj of 33pC/N. The design could be further 

improved with the introduction of the second layer which can easily be 

incorporated into the existing design as described in section 11.6.2. 

The design itself could be improved by enlarging the central electrodes thus 

giving a larger actuator area to increase the displacement for the B22 mode. Also, 

a redesign to incorporate more than two layers would require a greater distance 

between the electrode tabs. This will ensure the printing process is less 

problematic by reducing the effects of material accumulation. 

11.7 University of Southampton Prosthetic Hand 

Increased miniaturisation of mechanical and electrical systems has expanded the 

operating potential of prosthetic limbs. A major problem with current prosthetic 

devices is the inability of the user to obtain feedback control. For example, with 

a prosthetic hand, when the user grasps an object there is no possibility of 

evaluating the level of grip required, the fragility of the object or the temperature 

of the object other than visual assessment. If the grip level is insufficient then 

the object could slip from the prosthetic grasp before the user has a chance to 

react or could damage the object in attempting to respond. The problem with 

temperature is that the prosthetic or the user could be damaged or harmed if they 

are unaware how hot or cold the object is. Work by Cranny et al. [108] has 

considered combining piezoresistive (static) and piezoelectric (dynamic) sensors, 

for measurement of grip for a prosthetic hand. In addition, a number of 

thermistors are proposed for temperature measurement. 

The Southampton hand, developed by Light et al. [116], is a prototype 

myoelectrically driven prosthetic, shown in figure 11.11. The work described 

here is a further development of this existing system. 
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Figure 11.11: The Southampton-Remedi prosthetic hand, Chappell et al [116]. 

The flexing of muscles in the arm to create electrical control signals operates the 

hand. A micro controller interprets the signals, which moves the digits of the 

hand into specific positions such as hold, squeeze, grip and release and a number 

of other common hand postures. To perform these functions, each digit has an 

individual motor, which allows independent movement in each digit. The thumb 

has two degrees of freedom provided by two motors. The thumb and digits 

combine to allow a number of natural grip postures to be adopted. 

To detect the grip on an object and to allow the micro-controller to intervene if 

the object being held begins to slip, it is necessary to use both static and dynamic 

force sensors. The static force sensor continually measures the force applied to 

an object. If the object begins to slip, the dynamic force sensor detects the 

vibration and the controller will activate the motors to tighten the grip. 

It was decided that the optimum position for these sensors would be the 

fingertip. The design incorporates a single static sensor, a dynamic force sensor 

and a single temperature sensor, mounted on each of the four digits. The 

cantilever beam was decided to be the best mechanical structure with which to 

implement the sensor arrangement. This would be mounted along the central 

long axis of the finger so as to reduce force measurement errors from shear 

effects. 

187 



Applications 188 

Figure 11.12: Modified finger link system. The knuckle block containing the 
drive wheel assembly is shown on the left of the diagram and the cantilever 

finger tip is shown on the right. Cranny et al [108]. 

Figure 11.12 shows the modified design for the finger link system for mounting 

the cantilever sensors. Figure 11.13 shows the top view of the cantilever with 

the sensor layout. The left side of the cantilever contains the static force sensors; 

these are screen-printed using a piezoresistive paste in a standard bridge 

configuration. As a force is applied, the sensors resistance changes and this can 

be measured using a differential amplifier. The right side of the cantilever 

contains the dynamic force sensor. This is screen-printed using the optimised 

PZT paste. The dynamic force sensor covers a larger proportion of the cantilever 

area and will detect any sudden variations in the force over the fingertip area 

which could indicate a grasped object is slipping. The temperature of any 

grasped object can be obtained from a screen-printed thermistor shown between 

the static and dynamic sensors in figure 11.13. 
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Figure 11.13: Dimensions of finger tip cantilever (mm) and location of sensors. 
The patterned areas represent different thick film layers. Cranny et al [108] 

An insulating screen-printable dielectric layer is printed on to the fingertip with 

the rest of the sensor designs being printed on the top of this. The design is 

improved by the high dgĝ f levels of the optimised paste in a number of areas. 

The high dssj value provides greater sensitivity and reduces the amount of 

detection and control electronics required, thus reducing the overall weight and 

power requirements of the prosthetic. In addition, future designs will look to 

achieve multiple stacked sensor layers following the results achieved in chapter 

10. 

11.8 Conclusions 

This chapter has demonstrated the direct application of the optimised paste and 

provided details of further work, in combination with the work presented in this 

thesis, to further develop a varied set of applications. The improvements made 

in each application related to the work contained within this thesis have been 

discussed in detail. Further improvements that could be made to their design and 

operation by continued development of enhanced piezoelectric and mechanical 

properties of thick-film PZT have also been highlighted. 
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The repeatability of the paste allows for improvements and consistency in the 

applications which increases their commercial viability. The high piezoelectric 

activity and good high frequency qualities of the optimised film improve the 

sensitivity of the applications. In addition, these improved properties potentially 

reduce the amount of external circuitry required which reduces the size, 

complexity and cost of the final application. 

The results of the high temperature powder investigation have shown potential 

for further optimisation. The results offer opportunities to combine the 

materials, particularly the PZT-5A, with existing applications such as the 

prosthetic hand to prevent damage to sensors on the hand when in contact with 

high temperature objects. 
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12 Conclusions and Further work 

12.1 Conclusions 

The piezoelectric properties of thick-film PZT-5H layers fabricated using the 

screen-printing technique have been studied. The results throughout the thesis 

have shown that the level of piezoelectric activity for the final thick-film layer is 

dependant on the paste composition and the subsequent processing involved. 

The piezoelectric constant dssj has been identified as an important characteristic 

to determine the quality of the thick-film layer and has been used throughout the 

study to measure any improvements made. 

12.1.1 Measurement method 

The Take-Control PM35 piezometer was determined to be the best available 

method for measuring the 633,f value of the thick-film devices. This method was 

chosen because it was quick and simple to use with a lower standard deviation 

between measurements compared with the existing University of Southampton 

measurement system. Using the PM35 piezometer allowed for direct 

comparison between the results. Therefore, the task of observing trends in the 

results was easier. In addition, the ease of operation allowed for a greater 

number of samples to be measured in a shorter time. These factors aid the 

optimisation process by allowing a broader range of samples to be measured. 

This reinforces any conclusions made by reducing the statistical effect of 

anomalies such as unusually high or low samples. 

12.1.2 Glass content and powder milling type 

The firing temperatures used to form thick-film piezoceramics are not 

sufficiently high to enable sintering between the PZT particles. Therefore, thick-

film materials require an additional binder material to form a bonding matrix 
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during firing. The study showed that the combination of 10% by weight of 

CF7575 lead borosilicate glass with 90% ball milled PZT-5H powder gave the 

optimum 633,f values with an average of 51.5pC/N. The lowest standard 

deviation between devices was achieved using 5% glass and 95% PZT-5H 

powder attritor milled 3 times, 2.1%. These two characteristics are due to the 

size and distribution of the respective milling processes. The ball milling 

produces large particles, 2|im diameter, which results in increased piezoelectric 

activity but less isotropic films. The attritorS process produces smaller particles, 

Ijim diameter, which form less porous and more uniform films giving a greater 

consistency between devices. 

12.1.3 Particle size combinations 

The results show that the porosity of the film affects the but that a large 

particle size is also desired for greater piezoelectric activity, section 5.7 [117]. 

Therefore, combining the properties of ball milled and attritorS powders provides 

a further increase in dsŝ f and a reduction in the deviation of measured d33,f 

between devices. 

The original paste formulation was improved by combining 72% by weight of 

ball milled PZT, 18% of attritorS milled PZT and 10% CF7575 glass. This 

combination improved the dssj to an average of 63.5pC/N, which was further 

increased to 77pC/N with the introduction of a silver polymer top electrode. The 

deviation between devices was also reduced compared to the ball milled, 6.1% to 

3.9% respectively, which brings the consistency closer to that of the attritor3 

devices. 

12.1.4 Parameter optimisation 

Having established the optimum thick-film paste formulation, it was necessary to 

optimise the subsequent process parameters. The parameters studied were the 

furnace profile used to form the fired film and the poling parameters used to 

induce the piezoelectric effect in the thick-film device. The optimum furnace 
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profile was determined to have a peak temperature of 1000°C and is given in 

table 8-2. This higher temperature provided an improved level of glass sintering 

to increase the bonding between the PZT particles 

12.1.5 Multilayer structure 

The introduction of secondary and tertiary thick-film layers connected in series 

has been shown to increase the overall dgŝ m of the structure. The level of 

improvement is approximately a summation of the individual dsŝ f values for 

each PZT layer. Combining the optimised paste and parameters with multilayer 

printing techniques leads to a dssj of 325pC/N for a three PZT layer structure at a 

height of 219.5pm from the substrate. 

12.2 Summary 

This work has shown that lOwt.% CF7575 glass, combined with of 18wt.% PZT-

5H Attritor3 particles and 72wt.% PZT-5H Ball milled particles, with diameters 

of l | im and 2pim respectively, is the optimum paste formulation achieved. The 

introduction of a gold bottom electrode and a silver polymer top electrode 

combined with a peak firing temperature of 1000°C and poling parameters of 

5minutes, 200°C provide a maximum achieved 633,f of 131pC/N for a single PZT 

layer. The introduction of subsequent thick-film PZT layers connected in series 

gave a proportionate increase in dgĝ m to the maximum achieved for 3 layers, 

325pC/N. 
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Figure 12.1: Summary showing progression of average 633 at each stage 

Figure 12.1 shows the progression made in the results throughout the study. For 

a single thick-film PZT-5H layer, the average has been increased from 

18.5pC/n to 131pC/N, which is an over 6-fold increase. 

The value of 131pC/N compares favourably with the values for the bulk PZT-5H 

devices that were attached to substrates in the clamping effect study, 121pCN in 

section 4.3 [100]. 

12.3 Further work 

As discussed in section 12.2, there are still potential areas for improvement in the 

piezoelectric properties of the thick-film. This section highlights the main areas 

where it is believed the most significant improvements could still be made and 

outlines a path to achieving these. In addition to the details given in chapter 11 

detailing the current and future applications of the optimised PZT paste, a brief 

description of the most immediate applications that can be improved upon are 

given. 
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12.3.1 Stoichlometry of the powder 

The main limiting factor in any further improvement in the value is the PZT 

powder composition. The PZT-5H powder stoichiometry is optimised for the 

high temperature lead atmosphere firing process of the Morgan Electro Ceramics 

factory. Therefore, the commercially fired powder has a crystal phase that lies 

along the morphotropic phase boundary giving the optimum 633. The firing 

process used at the University of Southampton cannot match these conditions 

and therefore the thick-film PZT-5H layer will not match the tight stoichiometric 

balance of the bulk PZT-5H. Further work should involve either developing a 

PZT composition that is balanced for our firing profile or, attempting to recreate 

similar conditions within our furnace to that of the factory process. 

An alternative option is to sinter the PZT-5H powder to alter the stoichiometry of 

the material before mixing into a screen-printable paste. It would require a set of 

experiments to observe the effects of pre-sintering the powder and at a 

temperature low enough that sintering between the powder particles does not 

occur. Once this heat treatment has been performed, the powder can then be 

mixed into a thixotropic paste, printed, dried and fired using the previously 

described methods. This method has the potential to provide the benefits in 

material stoichiometry of firing at high temperatures, whilst allowing the 

compatibility of lower sintering temperatures with other technologies such as 

silicon. 

12.3.2 Improved density of the thick-film layer 

The introduction of isostatic pressing or vacuum drying/firing could also 

increase the film density. This will improve the mechanical density of the film 

and provide higher and more consistent 633,f values. This study could be 

combined with a more complex 3D model of the PZT layer structure. Potentially 

a model could be developed to combine more than two powder sizes and focus 

more on the percentage weights of each powder type. In addition to this, it could 

be possible to combine the current optimised paste with the work by Corker et al. 
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[24] in coating the thick-film layer in a Sol-Gel layer to improve the density of 

the entire structure whilst maintaining the larger thickness associated with thick-

film layers. 

12.3.3 High temperature powders 

The initial results given in section 11.4 suggest that a similar optimisation 

process for PZT-5A could lead to improved dggj values with the additional high 

temperature characteristics. Obtaining the PZT-5A powders with the same 

particle size as the optimised PZT-5H paste and a study of the effects of poling 

parameters would potentially broaden the applications of thick-film PZT still 

further. 

12.3.4 Further Applications 

The most immediate application to benefit from the improvements in the thick-

film paste development and processing is the ultrasonic motor, described in 

chapter 11.6. Achieving a fully working system for the ultrasonic motor 

controller would be desirable to demonstrate a working improvement in the 

optimised process compared to the original paste. 

The prosthetic hand can benefit from any possible improvements in the use of 

polymer binders and piezoelectric materials, combining this with the possibility 

of pre-sintering the powders could lead to further advances in this field. 

An additional area of study would be further improvement of the self-powered 

systems developed by Glynn-Jones et al. [118] at the University of Southampton. 

The self-powered system relies heavily on the amount of charge that can be 

generated by the piezoelectric element of the design. The optimised paste will 

improve the design by providing more power due to the increased piezoelectric 

response. Alternatively, the generator design could be further miniaturised 

because a smaller design using the optimised paste could provide the same 

power as the current design. 
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Appendix A - Substrate clamping effect on dsa 

From Young's modulus, Y, the mechanical strain can be related to the 

compliance of the material and the applied stress. 

S = mechanical strain = —x Strain —>S = sT 
Y 

The electrical strain can be related to the piezoelectric constant d, which is 

defined as the change in dimension related to the applied electric field. 

S = electncalstrain = change in lengthy p. _>S = dE 
Field 

As the piezoelectric crystal is defined by a matrix equation the strains combine to 

form equation 3.2 in tensor form. 

The piezoelectric constant d can be defined by the ratio of short circuit charge 

density to the applied stress; from this it is possible to derive the charge due to 

the piezoelectric effect. 

D = electricdisplacemrat = ^8^ density^ Stress —>D = dT 
Stress 

The construction of the piezoceramic device produces a capacitive structure and 

therefore a proportion of the charge generated will be due to the capacitive 

effect. 

CV 
Q = CV —>o = >a = sE D = 8E 

A 

The electric displacements due to the piezoelectric and capacitive effects 

combine in tensor notation to form equation 3.3. 

Matrix equations 

Equations 3.2 and 3.3 define the response of a crystal in tensor form, these 

equations cane be determined in matrix form as shown below and expanded out 

to: 
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S u S12 S i 3 0 0 0 

S21 S n S , 3 0 0 0 

S31 S , 3 ®33 0 0 0 

0 0 0 S44 0 0 

0 0 0 0 S44 0 

0 0 0 0 0 2 ( 8 ; ; - '12, 

0 0 0 0 di5 0 

0 0 0 2̂4 0 0 

d3i (̂ 32 ^33 0 0 0 

Where: 812=821 , 831=813, 844 = 855, d32 = d3i , d24 = dig 

The matrix equations can be expanded to give the following strain equations: 

S, - SjjTj + S12T2 + ŝ gT̂  + dg;Eg [Al.l] 

S, = 8f,T, + 8^T, + 8^T, + d .̂E^ [A1.2] 

3=s;^(T,+TJ + s^3T,+d33E, [A1.3] 

S4 — S44T4 + d̂ gEg 

S5 = S44T5 + dijE, 

S5 = s^T; 

[/Ll.5] 

[A1.6] 

And for the electric displacement: 

D, = ê E^ + d̂ gl̂  
.Tt 

[A1.7] 

D , = E , ' E , + d , , T , 

D3 = E3E3 +d3j(Ti +T2) + d33T3 [A1.9] 

Inverse effect 

For the inverse effect, applying an electric field and measuring the change in 

dimensions, S3 is used as we look for the relation to dss. 

With no applied stress T3= 0, writing the change in length A1 as a ratio to the 

applied voltage V can be related to the strain and applied field. 

S 

V " E 

/U . s : , ( T , + T J 

V 
[ALIO] 

We are only concerned with ceramics that are mounted on a substrate, therefore 

it is necessary to consider the clamping effects of the substrate on the 

piezoceramic as it attempts to change dimensions in axis 1 and 2. Assuming the 

substrate has greater rigidity than the ceramic allows us to treat the displacement 
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in axis 1 and 2 as zero and therefore the strain Si=S2=0. We also assume the 

substrate and the ceramic are isotropic and therefore Ti=T2=T. 

Using equations Al . l and A1.2 it is possible to formulate dsa independent of T. 

~ 1̂1̂ 1 + S12T2 + S13T3 + djjEj 

- d j j E j = (sfi + s ^ ) T . 
E3 (Sji + Sjj) 

s E 

= d, , -2d3, [Al . l l ] 

Thus equation A l . l l can be written to give the effective dss value, dss.f, that 

could be measured, from this the real dss value can be inferred. 

3̂3.f (̂ 33 "̂̂ 31 y E , gE \ [A1.12] 

Direct effect 

The direct effect looks at the amount of charge generated when a force is applied 

to the ceramic. 

If a bar is subjected to a stress it will expand and contract in its axis depending 

on the type of stress. It was found that the lateral strain is proportional to the 

longitudinal strain, the constant of proportionality is called Poisson's ratio v. 

Lateral strain = -v x direct strain (due to stress) [A 1.13] 

For the purposes of the piezoceramic equations this result means the lateral 

strains in the device are related to the stress apphed in axis 3, T3. Assuming an 

isotropic substrate and ceramic, the lateral strain is the same in each direction 

and that they have a Young's modulus and a Poisson's ratio. 
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S j = $ 2 = - V X d i r e c t S t r a i n d i r e c t s t r a i n = 
direct stress 

Youngs modulus 

Sj = Sg 
vYy 

T3 [A1.14] 

The piezoelectric constant d in axis 3 is defined as the charge generated, q, as a 

ratio of the applied force, F, for the direct effect, therefore we can equate this to 

the applied stress and the electric displacement. 

T 
[A1.15] 

Using equation A 1.9, assuming Si = S2 and the stress Ti = T2 = T due to the 

substrates clamping effects gives the following: 

vYy 
T, = (Sn + s^)T + + dqiE, [A1.16] 

For the short circuit condition, £3 = 6 and therefore combining equation A1.9, 

A1.15 and A1.16 gives: 

T T, 
[A1.17] 

Re-arranging equation A1.16 and substituting into equation A1.17 gives the 

effective dss; therefore equation A1.18 gives dggj for the direct effect. 

T 
• <̂33,f - (̂ 33 + 2^3, 

A 

Y 1̂3 
V i y 

(s,,4-8,2) 

V y 

[A1.18] 

Using values obtained by Morgan Electro Ceramics and efunda.com it is 

possible to obtain the values for the constants in typical bulk 5FI material. We 

have assumed a clamped film and therefore the Poisson's ratio and Young's 

modulus for the alumina substrate will be used, these were obtained from Hybrid 

Laser-tech. 

v = 0.25, Y = 331GPa, sf, = 16.4xlO-'\ = ^.78x10-'% = -8.45x10-'^ 
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Substituting these values into equation A 1.18 gives: 

djj f = djj + l.BBdji [A1.19] 

From the Morgan Electro Ceramics data book, the typical values for dss and dsi 

are 593pC/N and -274pC/N respectively. Therefore the typical measured d33,f 

values for thick film PZT-5H devices should be in the order of 227.76pC/N, a 

reduction of 62% from the bulk value. 
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Appendix B - Experimental data 

Additional results from chapter 5; 

36 

•D 30 

5 % J a 

1096 Jet 

15% Jet 

20% Jet 

1 2 3 4 5 6 7 6 9 10 n 12 13 14 15 16 17 16 

Device number 

Figure Bl: Average dggj for jet milled powder with different percentages of 
glass frit. 
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Figure B2: Average dsŝ f for Attl milled powder with different percentages of 
glass frit. 
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Figure B3: Average dss/ for Att3 milled powder with different percentages of 
glass frit. 
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Appendix C - ANSYS models 

ANSYS model for determination of Young's modulus by 

iteration of the optimised PZT-5H thick-film on alumina 

cantilever beam 

! Model Of PZT Thick-Film Cantilever 

finish 
/clear,start 

/PREP7 

/TITLE, PZT Youngs Modulus 

! Dimensional parameters 

alt=635e-6 ! Alumina thickness 
filmt=848e-6 ! film thickness + A1 thickness 
ll=94e-3 ! Total cantilever length 
12=39e-3 ! Distance at which deflection is measured 
13=54e-3 ! Point at which load is applied 
14=59e-3 ! Length of the film 
15=16e-3 ! film indent from fixed end 
wl=14e-3 ! Film width + border 
w2=3e-3 ! border 
w3=17e-3 ! Beam width 

load=4 ! In Newtons 

epzt=26e9 ! Youngs modulus for PZT film 

! Material properties 

! Alumina - material 1 
mat,l 
ET,1,45 

MP,DENS,1,4480 
MP,NUXY, 1,0.25 
mp,ex,l,254e9 

! PZT material properties 
mat,2 
et,2,45 

MPJDENS,2,4810 
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MP,NUXY,2,0.31 
mp,ex,2,epzt 

! Build model 
k.l 
k,2,w2 
k,3„alt 
k,4,w2,alt 
k,5,wl 
k,6,wl,alt 
k.7,w3 
k,8,w3,alt 
k,9,w2,filmt 
k,10,wl,filmt 

kgen,2,all,,,,,15,50 
kseI,s,Ioc,z,15 
kgen,2,all,„„12-15,50 
ksel,s,loc,z,12 
kgen,2,all,„„13-12,100 
ksel,s,loc,z,13 
kgen,2,all,,,,,14-13,100 
ksel,s,loc,z,14 
kgen,2,all,,,,,11-14,100 
ksel,all 

! Cantilever volumes 
v,l,2,4,3,51,52,54,53 
v,2,5,6,4,52,55,56,54 
v,5,7,8,6,55,57,58,56 

V,51,52,54,53,101,102,104,103 
v,52,55,56,54,102,105,106,104 
V,55,57,58,56,105,107,108,106 
v,54,56,60,59,104,106,110,109 

v,101,102,104,103,201,202,204,203 
v,102,105,106,104,202,205,206,204 
V,105,107,108,106,205,207,208,206 
V,104,106,110,109,204,206,210,209 

v,201,202,204,203,301,302,304,303 
v,202,205,206,204,302,305,306,304 
V,205,207,208,206,305,307,308,306 
v,204,206,210,209,304,306,310,309 

v,301,302,304,303,401,402,404,403 
v,302,305,306,304,402,405,406,404 
v,305,307,308,306,405,407,408,406 
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! Selecting materials 
vsel,s,loc,y,0,alt 
vatt , l„l 
vsel,s,loc,y,alt,filmt 
vatt,2„2 
vsel,all 

esize,500e-6 
vmesh,all 

! Apply Load 
nsel,s,loc,y,0 
nsel,r,loc,z,13 
nsel,r,loc,x,w3/2 
f,all,fy,-load 
nsel,all 

! Define master degrees of freedom 
total, 100,1 

! Merge coincidences and reduce wavefront 
numm,all,le-6 
waves 

nsel,s,loc,z,0 
d,all,all 
nsel,all 

/view,1,1,1,1 
/pbc,all,l 
eplo 

fini 
/solu 
antype,static 
solve 

fini 
/postl 
!plns,si 

! select nodes at displacement measuring point 
nsel,s,loc,z,12 
prdi,all ! LOOK AT UY RESULT!!!! 
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ANSYS model for Aoyagi Multi-degree of freedom ultrasonic 

motor with electrode and PZT layers 

! Model for an ultrasonic motor with PZT layers 

finish 
/clear,start 

/prep? 

/TriT:LJ3,;4^3y!%gilVfI)(]0?lL%SIVl-KP:ZTr 

! Dimensions 

lrl=1.5e-3 
srl=le-3 
tl=3e-3 

! large radius (mm) 
! small radius (mm) 

! thickness of circle 

subtl=250e-6 
subwl=10e-3 
subll=10e-3 

! substrate thickness 
! 1/2 substrate width 
! 1/2 substrate length 

(mm) 
(mm) 
(mm) 

pztth=95e-6 
pztr=4.5e-3 

! pzt thickness 
! pzt radius 

(mm) 
(mm) 

elth=7e-6 ! electrode thickness (mm) 

voltage=500 ! applied voltage (volts) 

! MATERIAL PROPERTIES 

!substrate - material 1 

mat,l 
ET,1,45 

MP,DENS, 1,3750 
MP,NUXY,1,0.21 
MP,ex,l,303.4e9 

! material number 1 
! type of material used "solid45" 

! density of material 1 
! poissons ratio for material 1 
! youngs modulus for material 1 
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! MATERIAL PROPERTIES 

!PZT - material 2 

mat,2 
ET,2,45 

MPJDENS,2,7450 
MP,NUXY,2,0.31 
mp,ex,2,96.5e9 
!MP,ex,2,ll.lelO 

! density of material 2 
! poissons ratio for material 2 
! youngs mod from petes thesis for thick film 
! youngs modulus for material 2 

!MP,ex,2,4.8elO ! alternative youngs mod for mat 2 

! MATERIAL PROPERTIES 

!gold electrode - material 3 

mat,3 
ET,3,45 

MPJDENS,3,1932 ! density of material 3 
MP,NUXY,3,0.42 ! poissons ratio for material 3 
MP,ex,3,79e9 ! youngs modulus for material 3 

! MODEL COORDINATES 

*afun,deg 

k,2,srl 
k,3,kl 
k,4,subwl 

! sets mode degrees 

! bottom layer 

k,5,(cos(45))*srl,(sin(45))*srl 
k,6„srl 
k,7,(cos(45))*lrL(sin(45))*lrl 
k,8„lrl 

k,9„subll 
k,10,subwl,subll 

! pzt circle 
k,l l ,pztr 
k,12,(cos(45))*pztr,(sin(45))*pztr 
k,13„pztr 
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! generate further coordinates automatically 
kgen,2,all„,„subtl,100 ! gens kps at top of substrate 
ksel,s,loc ,z,subtl 
kgen,2,all,„„tl,100 ! gens kps at top of PZT 
ksel,s,loc,z,0 
kgen,2,all,„„-elth,300 ! key points 300 
ksel,s,loc,z,-elth 
kgen,2,all„ „,-pztth, 100 ! key points 400 
ksel,s,loc,z,-(elth+pztth) 
kgen,2,all,„„-elth,100 ! key points 500 
ksel,s,loc,z,-(elth+pztth+elth) 
kgen,2,all„,,,-pztth, 100 ! key points 600 
ksel, s, loc , z ( e l th+pztth+elth+pztth) 
kgen,2,all„,„-elth,100 ! key points 700 

ksel, all 

! generate arcs 

larc,2,5,l,srl 
larc,5,6,l,srl 
larc,3,7,l,lrl 
larc,7,8,l,lrl 

larc,ll,12,l,pztr 
larc,12,13,l,pztr 
larc,lll,112,101,pztr 
larc,112,113,101,pztr 

larc,302,305,301,srl 
larc,305,306,301,srl 
larc,303,307,301,lrl 
larc,307,308,301,lrl 
larc,311,312,301,pztr 
larc,312,313,301,pztr 

larc,402,405,401,srl 
larc,405,406,401,srl 
larc,403,407,401,lrl 
larc,407,408,401,lrl 
larc ,411,412,401 ,pztr 
larc,412,413,401 ,pztr 

larc,502,505,501,srl 
larc,505,506,501,srl 
larc,503,507,501,lrl 
larc,507,508,501,Irl 
larc,511,512,501,pztr 
larc,512,513,501,pztr 

generates substrate arc 
for column 

generates substrate arc 
for pzt layer 

generates PZT arcs 

generates top electrode arcs 

generates top electrode arcs 
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larc,602,605,601,srl 
larc,605,606,601,srl 
larc,603,607,601,lrl 
larc,607,608,601,lrl 
larc,611,612,601 ,pztr 
larc,612,613,601 ,pztr 

larc,702,705,701,srl 
larc,705,706,701,srl 
larc,703,707,701,Irl 
larc,707,708,701,lrl 
larc,711,712,701,pztr 
larc,712,713,701 ,pztr 

larc,102,105,101,srl 
larc,105,106,101,srl 
larc,202,205,201,srl 
larc,205,206,201,srl 

larc,103,107,101,lrl 
larc,107,108,101,Irl 
larc,203,207,201,Irl 
larc,207,208,201,Irl 

generates PZT 2 arcs 

generates top electrode arcs 

generates inner arc 
for column 

generates outer arc 
for column 

! VOLUMES 

!!v,l,2,5,6,101,102,105,106 
v,2,3,7,5,102,103,107,105 
V,5,7,8,6,105,107,108,106 
v,3,ll,12,7,103,111,112,107 
v,7,12,13,8,107,112,113,108 
v, l l ,4 ,10,12, l l l ,104,110,112 
V,12,10,9,13,112,110,109,113 

hole 
substrate layer 

v,2,3,7,5,302,303,307,305 
v,5,7,8,6,305,307,308,306 
v,3,ll,12,7,303,311,312,307 
V,7,12,13,8,307,312,313,308 

v,302,303,307,305,402,403,407,405 
V,305,307,308,306,405,407,408,406 
V,303,311,312,307,403,411,412,407 
v,307,312,313,308,407,412,413,408 

v,402,403,407,405,502,503,507,505 
v,405,407,408,406,505,507,508,506 
v,403,411,412,407,503,511,512,507 

bottom electrode 

PZT layer 

top electrode 
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V,407,412,413,408,507,512,513,508 ! 

v,502,503,507,505,602,603,607,605 ! 
V,505,507,508,506,605,607,608,606 ! PZT 2nd layer 
v,503,511,512,507,603,611,612,607 ! 
v,507,512,513,508,607,612,613,608 ! 

V,602,603,607,605,702,703,707,705 
v,605,607,608,606,705,707,708,706 
v,603,611,612,607,703,711,712,707 
V,607,612,613,608,707,712,713,708 

top electrode 

v,102,103,107,105,202,203,207,205 ! column 
v,105,107,108,106,205,207,208,206 ! 

vsel,all 
vsymm,y,all„„„ 
vselall 
vsymm,x,all„„„ 

! selecting materials 

vsel,s,loc,z,0,subtl+tl 
vatt , l„l 
element 1 

! select all volumes in the z direction 
! attribute these volumes with material 1 and 

vsel,s,loc,z,0,-(pztth+elth+elth) ! select electrodes 
vsel,u,loc,z,-elth,-(pztth+elth) 
vsel,u,loc,z,-(pztth+elth+elth),-(pztth+elth+elth+pztth) 
vatl:,3„3 

vsel,s,loc,z,-elth,-(pztth+elth+pztth) ! select all volumes in the z direction below 
substrate 
vsel,u,loc,z,-(pztth+elth),-(pztth+elth+elth) 
vatt,2„2 ! attribute this volume with material 2 and element 
2 

vsel,all selects all volumes 

numm,all,0.5e-6 
waves 

esize,2e-3 
!!esize,500e-6 
vmesh,all 
nsel,all 

! quickest whilst still being accurate 
! optimum 
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/view ,1,1,1,1 
/pbc ,all,l 
eplot 

! modal solution 

finish 
/solu 
antype ,inodal 
modopt ,lanb,40,8e3,35e3 
mxpand„8e3,35e3 
solve 
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Abstract 
T h i s p a p e r d e t a i l s a n e x p e r i m e n t a l i n v e s t i g a t i o n o f t h e c l a m p i n g e f f e c t 

a s s o c i a t e d w i t h t h i c k - f i l m p i e z o e l e c t r i c e l e m e n t s p r i n t e d o n a s u b s t r a t e . T h e 

c l a m p i n g e f f e c t r e d u c e s t h e m e a s u r e d p i e z o e l e c t r i c c o e f f i c i e n t , J33, o f t h e 

film. T h i s r e d u c t i o n i s d u e to t h e i n f l u e n c e o f t h e 1^31 c o m p o n e n t in t h e film 

w h e n a d e f o r m a t i o n o f t h e s t r u c t u r e o c c u r s , b y e i t h e r t h e d i r e c t o r i n d i r e c t 

p i e z o e l e c t r i c e f f e c t . T h e o r e t i c a l a n a l y s i s s h o w s a r e d u c t i o n in t h e m e a s u r e d 

(^33 o f 6 2 % , i . e . a s t a n d a r d b u l k l e a d z i r c o n a t e t i t a n a t e ( P Z T ) - 5 H s a m p l e 

w i t h a m a n u f a c t u r e r s p e c i f i e d £^33 o f 5 9 3 p C / N w o u l d f a l l t o 2 2 7 . 8 p C / N . T o 

c o n f i r m t h i s e f f e c t , t h e <̂ 33 c o e f f i c i e n t s o f five t h i n b u l k P Z T - 5 H s a m p l e s o f 

2 2 0 j x m t h i c k n e s s w e r e m e a s u r e d b e f o r e a n d a f t e r t h e i r a t t a c h m e n t t o a 

m e t a l l i z e d 9 6 % a l u m i n a s u b s t r a t e . T h e e x p e r i m e n t a l r e s u l t s s h o w a 

r e d u c t i o n i n ^33 o f 7 4 % f r o m 5 2 9 p C / N t o 1 3 9 p C / N . T h e t h e o r e t i c a l a n a l y s i s 

w a s t h e n a p p l i e d t o e x i s t i n g U n i v e r s i t y o f S o u t h a m p t o n t h i c k - f i l m d e v i c e s . 

I t i s e s t i m a t e d t h a t t h e m e a s u r e d ^33 v a l u e o f 1 3 1 p C / N o f t h e t h i c k - f i l m 

d e v i c e s i s t h e e q u i v a l e n t o f a n u n c o n s t r a i n e d J33 o f 3 4 5 p C / N . 

1. Introduction 

Bulk lead z i rcona te t i tanate (PZT) p iezoceramics have many 

appl icat ions as bo th sensors and actuators [1] but are of 

l imited use in mic ro-e lec t ro -mechan ica l sys tems ( M E M S ) 

because they are genera l ly not compa t ib le in te rms of size or 

p rocess ing me thods . Th in - f i lm P Z T layers are an al ternative, 

but they are l imited by the complexi ty of the depos i t ion 

processes and the need to pattern the films a f te rwards . Screen 

pr in table p iezoceramics , first repor ted by B a u d r y [2], a l low 

relat ively thick p i ezoce ramic layers to be depos i ted direct ly 

on to the device . T h e thick-f i lm process is addit ive, and 

h e n c e the p i ezoce ramic layers can b e pr inted to a des i red 

pat tern wi thout the need for subsequent e tching. However , 

this process can in t roduce p rob lems because the pr inted layer 

requi res high t empera tu re firing, 6 0 0 - 1 0 0 0 ° C , to fo rm a 

s intered p i ezoce ramic layer. Othe r d rawbacks inc lude the 

l imits of the resolu t ion of the screen, typical ly 100 /xm, and 

the abil i ty of the device to wi ths tand an appl ied pr in t ing 

pressure . 

T h e bounda ry condi t ions appl ied to a p iezoelect r ic 

e l emen t also inf luence p iezoelec t r ic behaviour . O p t i m u m 

piezoelectr ic behav iour is ob ta ined w h e n the p iezoceramic 

is uncons t ra ined in all d i r e c t i o n s . Th ick- f i lm piezoelectr ic 

e lements , however , are r ig id ly c l a m p e d on one face to a 

substrate. Th is cons t ra in t l imi ts the m o v e m e n t of the P Z T 

layer as it a t tempts to e x p a n d or contract w h e n a fo rce or 

vol tage is appl ied. P r e v i o u s w o r k [3, 4] has invest igated 

the internal s t resses and b o u n d a r y condi t ions fo r thin-f i lm 

ferroelectr ics but has not r e l a t ed these e f fec ts to bulk devices 

and the reduct ion in p i ezoe l ec t r i c proper t ies observed . This 

paper presents , fo r the first t ime , an exper imenta l compar i son 

of both cons t ra ined and u n c o n s t r a i n e d bu lk P Z T - 5 H samples 

and relates the ana lys i s t o th ick- f i lm p iezoelec t r ic layers. 

T h e results are c o m p a r e d w i th theore t ica l analys is presented 

in [5 -7 ] and appl ied to t h i ck - f i lm devices to de t e rmine the 

amoun t by which the c l a m p i n g e f f ec t r educes the e f fec t ive ^33 

coeff ic ient of the pr in ted P Z T layer. 

2. Theoretical evaluation of the clamping effect 

T h e direct and indirect m e t h o d s of m e a s u r i n g the p iezoelec t r ic 

coeff ic ient are ob ta ined f r o m the re la t ionsh ips be tween charge . 
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Direction of 

polarization 

Ta + die E: 

Dj = dicTa + £:;E 
1,2,... ,6 i, j = 1,2,3 

w h e r e S, T, D and E a re the strain, stress ( N m " ^ ) , electr ic 

d i sp lacement (C m " ^ ) and electr ic field (V m ~ ' ) , and s, d and 

£ are the c o m p l i a n c e (m^ N " ' ) , p iezoelect r ic cons tant (C m ~ ' ) 

and dielectr ic cons tan t (F m ~ ' ) , respect ively. T h e superscr ipts 

E and T indicate a cons tant electr ic field and cons tan t stress, 

respect ively. F igu re 1 shows the or ientat ion of the ce ramic 

def ined by a , yS, i and j. 

Equa t ions (3), (4) and (5) are ob ta ined f r o m expand ing 

the t ensor nota t ion. 

51=^ + c/3] £3 

S3 — + 72) + + 3̂3 f 3 

D3 = sJ-E'3 + d-i\{T\ + T2) +1^33 7] 

(3) 

(4) 

2.1. Inverse ejfect 
T h e inverse e f fec t relates the p iezoelect r ic coeff ic ient , (^33, 

to the change in d imens ions of a p i ezoce ramic due to an 

appl ied field. T h e strain, S3, can be used to obtain the 

re la t ion to ^33. 

Wi th no appl ied stress, Ts = 0, the ra t io of change in 

length ( A / ) to the appl ied vol tage (V) can be re la ted to the 

strain and appl ied field. 

A/ 

V £3 Al £3 

= 3̂3 + 

£3 
4m+7^2) 

• T2) 
£3 

(6) 
y E3 

W e are only concerned wi th p iezoceramics that are 

m o u n t e d on a substrate; the re fore it is necessary to cons ider 

the c l a m p i n g e f fec t s on the p i ezoce ramic as it a t tempts to 

c h a n g e d imens ions in axes 1 and 2. A s s u m i n g that the 

subst ra te has greater r igidity and relat ive th ickness than the 

p i e z o c e r a m i c al lows the assumpt ion that the d i sp lacement in 

axes 1 and 2 is negl ig ib le a n d therefore the strain 5i = ^2 = 0. 

W e also a s s u m e that t h e substrate is the dominan t e lement 

and that it is i so t rop ic and therefore T\ = T2 = T. 

Using equat ions (3) a n d (4), it is possible to express ^33 

independent of T . 

.'. -d-ixE^ = (jfj -» — = -d-31 

E3 
(7) 

Figure 1. Notation of crystal axes with polarization direction. 

i nduced strain and induced stress on the p iezoceramic [8]. 

Equa t ions (1) and (2) are def ined as the piezoelectr ic 

const i tu t ive equat ions : 

(1) 

(2) 

T h u s equat ion (7) gives t h e effect ive ^33 value that is measured. 

F r o m this, the uncons t r a ined ^33 value can be de termined. 

2.2. Direct effect 
T h e direct e f fec t c o n c e r n s the a m o u n t of cha rge generated 

w h e n a fo rce is app l i ed to the p iezoceramic . If a bar is 

sub jec ted to a stress, it w i l l expand and contract a long its axes 

depend ing on the d i r ec t i on of the stress. T h e lateral strains 

in the dev ice are re la ted t o the stress appl ied a long axis 3, 

denoted as T^. A s s u m i n g an isot ropic substra te that dominates 

the p iezoceramic , the l a t e r a l strain is the s a m e in each direction 

and there fore 5i = & a n d the stress T\ = T2 = T due to the 

substrate c l amping . T h i s is d i f fe rent f r o m the indirect ef fect 

because the appl ied s t ress is t ransfer red via the film to the 

substrate . Thus , the v a l u e s of S] and Si m u s t b e de te rmined 

as a func t ion of 73 u s ing H o o k e ' s law, shown in equat ion (8), 

where Vsub and Fjub are P o i s s o n ' s ra t io and Young ' s modulus 

of the substrate, respec t ive ly . 

S\ = S2 = • l̂ sub 
ŝub 

Ti (8) 

Rela t ing the strain and t h e ra t io of the charge genera ted to the 

appl ied fo rce and c o m b i n i n g this wi th equa t ions (3), (4) and 

(5) (8) gives equa t ion (9). 

(9) 

For the short circuit c o n d i t i o n , £ 3 = 0, the a s sumpt ions made 

concern ing the direct e f f e c t c a n b e c o m b i n e d wi th equa t ions (5) 

and (9) to obtain e q u a t i o n (10) . 

/2^/3; T + dj,^T-i 
I 7̂  

00) 

Re-a r rang ing e q u a t i o n (9) and subs t i tu t ing into 

equat ion (10) gives the e f f e c t i v e ^33, deno ted (^33(^5) fo r the 

direct e f fec t (as shown in equa t i on (11)) . 

-d 33(«fn = C?33 + 2d̂ \ 
- (^ub/Fsub) - •?! 

(1^ 

T h e values fo r P Z T - 5 H type mater ia l s were obta ined 

f r o m M o r g a n E lec t ro C e r a m i c s [1] and E f u n d a [9]. W e have 

assumed a c l a m p e d film o n a 9 6 % p u r e a l u m i n a subst ra te , and 

therefore the Po i s son ' s r a t i o and Y o u n g ' s m o d u l u s va lues for 
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the subst ra te will be used; these values w e r e ob ta ined f r o m 

H y b r i d Laser Tech [10]. 

T̂ sub — 0 .25 Fsub = 331 G P a 

.(fi = 16.4 X 
= _4 78 X 10-12 

jE = _g 45 X 

Subs t i tu t ing these values into equa t ion (11) gives equa-

tion (12): 

d33(sff) = 3̂3 + 1.33a!3j (12) 

F r o m the M o r g a n Elec t ro Ce ramics da ta book , typical 

va lues fo r and c/31 are 5 9 3 p C / N and —274pC/N, 

respect ively. The re fo re , us ing equa t ion (12), the measured 

1̂ 33 values fo r c l a m p e d thick-f i lm 5 H - t y p e P Z T devices have a 

theore t ica l m a x i m u m of 2 2 7 . 8 p C / N , a reduc t ion of 6 1 % f r o m 

the bu lk value. Th is f o r m u l a shows that the actual <̂ 33 of the 

mater ia l r ema ins the s a m e but the ef fec t ive measu remen t of 

that 1̂ 33 is reduced . 

3. Practical measurement of the clamping effect 

Thick- f i lm samples cannot b e used to demons t ra t e equat ion (11) 

because it is impract ica l to r e m o v e the devices f r o m the sub-

strate fo r direct m e a s u r e m e n t of ^33. The re fo re , thin bulk sam-

ples f r o m the M o r g a n Elec t ro C e r a m i c s product r ange were 

a t tached to a substra te to observe the e f fec ts on . 

F ive meta l l ized bulk 5H- type P Z T discs, average th ickness 

2 2 0 / i m and d iamete r 9 .6 m m , w e r e ob ta ined f r o m M o r g a n 

Elec t ro Ce ramics and their (̂ 33 coef f ic ien t measured . T h e s e 

w e r e fu l ly p rocessed bu lk p i ezoce ramics that had been 

p rev ious ly fired and po led by M o r g a n Elec t ro Ceramics . T h e 

five d iscs were de-poled by hea t ing them above the Cur ie 

t empera tu re on a belt f u r n a c e and then re -po led at the M o r g a n 

E lec t ro Ceramics fac tory us ing a propr ie tary manufac tu r ing 

process . T h e piezoelectr ic coeff ic ient , < 3̂3, was then measu red 

fo r each disc as a r e fe rence point fo r the u n d a m p e d disc. The 

bulk samples were then b o n d e d on 0 .64 m m thick 9 6 % a lumina 

subst ra te . An E S L 9 6 3 3 B s i lve r -pa l l ad ium e lec t rode was 

pr in ted on the substrates and the bu lk discs p laced on the we t 

p r in ted pas tes . T h e samples were dr ied in a D E K 1 2 0 9 I R drier 

and fired wi th an 890°C p e a k t empera tu re f u r n a c e profi le . The 

p lane v iew of the a s sembled samples is shown in figure 2. T h e 

s i lve r -pa l l ad ium film provides an electr ical connect ion to 

the bu lk p iezoceramic whi ls t s imul taneous ly r igidly bond ing 

it to the substrate . Because the f u r n a c e t empera tu re is above 

the Cur ie t empera tu re of 5 H - t y p e PZT, it was necessary to 

re -po le the discs o n c e fired. T h e samples w e r e re-poled at the 

M o r g a n Elec t ro Ceramics fac tory wi th pa ramete rs ident ical to 

those used be fo re firing to ensu re cons i s tency with the po l ing 

level and decay t ime, thereby enab l ing a direct compar i son 

b e t w e e n the u n d a m p e d and c l a m p e d 1^33. In addi t ion, it 

ensured that any reduct ion in d^j, w o u l d b e k n o w n to b e due 

to the d a m p i n g ef fec ts ra ther than the device not obta in ing 

polar iza t ion saturation, which w o u l d also resul t in a lower 1^33. 

T h e c?33 values be fo re and a f te r c l amp ing were measu red using 

a Take Cont ro l P M 3 5 p iezomete r ; five measu remen t s were 

taken fo r each sample with a f r equency set t ing of 97 Hz . 

> 

Figure 2. Sample design layout for substrate, electrode and 
PZT disc. 

4. Experimental results 

T h e values used fo r ^31 in equa t ion (11) were calculated as 

a rat io of the da ta sheet va lue fo r d^x compared with the 

measu red value of d^^. T h i s a s sumes that the ^33 and d^\ values 

change proport ional ly . T h e s e values w e r e used to calculate the 

theoret ical va lue of ^̂ 33(6®) u s ing equa t ion (12) . 

F igure 3 shows a c o m p a r i s o n be tween the u n d a m p e d bulk 

devices , theoret ical va lues given by equa t ion (12) and the 

measu red values once the d i s c was a t tached to the substrate 

and re -poled . T h e s e resul t s s h o w an average u n d a m p e d <̂ 33 of 

5 2 9 p C / N and an average c l a m p e d va lue of 138pC/N, giving a 

reduc t ion of 7 4 % . 

5. Discussion of results 

Figure 3 indicates that c l a m p i n g a p i ezoce ramic to a substrate 

r educes the measu red T h e c l a m p e d 5 H samples have 

~ 3 2 % lower measu red d^^ va lues than the theoret ical values 

obta ined f r o m equat ion ( 1 2 ) . T h i s fu r the r reduc t ion in <̂ 33 

could b e at t r ibuted to the l e a d loss exper i enced by the P Z T layer 

w h e n fired in the belt f u r n a c e . However , the firing t empera tu re 

was on ly sl ight ly above t ha t a t which lead migra t ion occurs and 

the re fo re unl ikely to have a l a rge in f luence on the s toichiometry 

of the bulk device . This w o u l d indica te that any c h a n g e in the 

d o m a i n s t ructure of the b u l k dev ice w o u l d b e m i n i m a l but could 

be a fac tor in the ext ra r e d u c t i o n obse rved . 

A n o t h e r con t r ibu t ing f a c t o r is that , desp i te the pol ing 

paramete rs be fo re and a f t e r c l a m p i n g be ing identical , the 

e f fec t of the appl ied p o l i n g field a f t e r d a m p i n g is reduced. 

T h e electr ic d ipoles w i th in the c e r a m i c canno t a l ign to the 

s a m e degree as an u n d a m p e d bulk ce r amic w h e n the pol ing 

field is appl ied because t h e assoc ia ted d e f o r m a t i o n of the 

device is res t r ic ted by t h e subst ra te . T h i s e f fec t means 

that the polar iza t ion s a tu ra t i on poin t in the bu lk device is 

r educed , thus caus ing an o v e r a l l r educ t ion in the p iezoelect r ic 

activity. A n o t h e r poss ib le s o u r c e fo r e r ro r is that the theoret ical 

ca lcula t ion ignores the s h e a r e f f ec t s wi th in the film structure, 

wh ich in prac t ice could b e i n t r o d u c i n g a f u r t he r negat ive ef fec t 

on the measu red p i ezoe l ec t r i c activity. R e d u c t i o n s in ^33 due 

to grain size or s ize re la ted d o m a i n s t ruc tu re t rans i t ions [11,12] 

can be ignored because t h e b u l k d isc w a s a l ready fu l ly sintered 

be fo re be ing c l a m p e d to t h e subs t ra te , as ev idenced by the high 

(̂ 33 m e a s u r e m e n t s b e f o r e c l a m p i n g . 
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Figure 3. Comparison of theoretical and measured values of clamped . 

5.1. Thick-film samples 

U s i n g these results, it is poss ib le to e s t ima te the uncons t ra ined 

1̂ 33 va lue f r o m the (i33(eff) va lue measured for the 

Univers i ty of S o u t h a m p t o n th ick-f i lm devices , 131 pC/N, us ing 

equa t ion (12), T h e s e devices represent a cont inuat ion of the 

op t imiza t ion work concern ing 5 H - t y p e P Z T thick-f i lm devices 

conduc t ed at the Univers i ty of Sou thampton [13]; they consis t 

of a b l end of ball and attri tor mil led P Z T powders wi th a lead 

boros i l ica te b inder fired at a peak t empera tu re of 1000°C and 

wi th op t imized pol ing parameters . T h e device compr i ses a 

squa re of P Z T (1.1 x 1.1 cm^) of 6 0 / x m thickness pr in ted 

on a s tandard 9 6 % a l u m i n a substrate . It is not poss ib le to 

m e a s u r e the u n d a m p e d j ; , f o r these devices , and there fore 

this is a s sumed to be the rat io of bulk ^33 and 1^31. A 

va lue of —274pC/N can b e used in equa t ion (12) to p roduce a 

theore t ica l es t imate of 3 4 5 p C / N , 

593 
dix = -

3̂3 
216 

' 2 . 1 6 

<̂33 _ 
^ " - 2 7 4 

^ 3 3 ( e f f ) = — 1 . 3 3 

(̂ 33 = 2.63̂ 33(5̂ ) 
(̂ 33 = 2 . 6 3 ( 1 3 1 p C / N ) = 3 4 5 p C / N 

US) 

Thi s is still less than the equivalent bulk 5H- type device wi th 

a ^33 of 593pC/N; this d i sc repancy wil l b e due to the d i f fe rent 

d o m a i n and structural e f fec t s that the thick-f i lm device is 

sub jec t to as a resul t of its m a n u f a c t u r e [11,12], 

6. Conclusions 

This pape r has conf i rmed that the addi t ion of a substra te to a 

p i ezoce ramic has s ignif icant e f fec ts on the measured ^33 value. 

T h e c l amp ing e f fec t equa t ion [5], given in equat ion (12), has 

been s h o w n to be valid wi th the measu red results showing 

a s igni f icant reduct ion in ^33 as predic ted . For the bulk 

5 H devices , a reduct ion of average values f r o m 5 2 9 p C / N to 

1 3 9 p C / N was observed . Th i s was f o u n d to be an approximate ly 

7 4 % reduct ion in the measu red ^33 value . 

Th is resul t is s ign i f ican t because it p rovides an indication 

of the m a x i m u m ach ievab le J33 fo r a par t icular P Z T type and 

subst ra te combina t ion . T h i s is impor tan t w h e n consider ing 

which powder and p rocess c o m b i n a t i o n s to use w h e n designing 

devices fo r a part icular app l i ca t ion . Th is is of direct relevance 

to work on thick-f i lm d e v i c e s , whe re the measu red ^33 value 

is cons iderab ly lower than tha t of bu lk devices . T h e s e results 

give an es t imat ion of t he p ropor t i on of the reduc t ion due to 

the c l amp ing e f fec t and t ha t due to p rocess ing and material 

d i f fe rences be tween bulk a n d th ick-f i lm devices. 

Fur ther work will inves t iga te the e f fec t of the top electrode 

on the overal l c l amping o f t h e p i ezoce ramic and h o w this e f fec t 

can b e reduced with the u s e of a l ternat ive e lec t rode materials . 
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C a t e g o r y : 2 ( M a t e r i a l s a n d T e c h n o l o g y ) 

1 Introduction 

S c r e e n p r i n t a b l e p i e z o e l e c t r i c m a t e r i a l s w e r e first 

r e p o r t e d in 1 9 8 7 [1] a n d h a v e s ince f o u n d u s e in 

m a n y a p p l i c a t i o n s ; i n c l u d i n g m o t o r s [2] a n d 

m i c r o m a c h i n e d s i l i con d e v i c e s [3]. S t u d i e s h a v e 

s h o w n h o w e v e r , t ha t t h e t h i c k - f i l m P Z T s a m p l e s h a v e 

l o w e r 6)3 c o e f f i c i e n t s t h a n t h e i r b u l k c o u n t e r p a r t s 

[ 4 , 5 ] d u e t o d i f f e r e n c e s in p r o c e s s i n g , c o m p o s i t i o n 

a n d t he i n f l u e n c e o f t he s u b s t r a t e t he film is p r i n t e d 

o n [6]. 

P i e z o e l e c t r i c t h i c k - f i l m p a s t e s a re p r o d u c e d b y 

m i x i n g m i l l e d p i e z o e l e c t r i c p o w d e r s w i t h a su i t ab l e 

b i n d e r a n d o r g a n i c v e h i c l e . B o t h c e r m e t p a s t e s 

u t i l i z i n g g l a s s b i n d e r s [7] a n d p o l y m e r p a s t e s w i t h t he 

a c t i v e m a t e r i a l h e l d w i t h i n a p o l y m e r m a t r i x [8] h a v e 

b e e n d e m o n s t r a t e d . T h e m o s t c o m m o n l y u s e d 

p i e z o e l e c t r i c m a t e r i a l u s e d in t he p a s t e p r e p a r a t i o n is 

l e a d z i r c o n i u m t i t a n a t e (PbZrxTi i .^Os or P Z T ) . 

S e v e r a l m i l l i n g p r o c e s s e s c a n b e u s e d to f o r m t h e 

p o w d e r [9]. T h e p h y s i c a l n a t u r e o f the P Z T p o w d e r , 

i .e. pa r t i c l e s ize , d i s t r i b u t i o n a n d s h a p e a re 

d e t e r m i n e d b y t he p r o c e s s i n g t e c h n i q u e s u s e d in i ts 

p r e p a r a t i o n . 

B a l l mi l l ing i n v o l v e s t h e P Z T p o w d e r b e i n g m i x e d i n 

a s l u r ry w i t h a s u i t a b l y a b r a s i v e m i l l i n g m e d i a in a 

h o r i z o n t a l l y r o t a t i n g mi l l . T h i s p r o c e s s r e su l t s in 

s m o o t h pa r t i c l e s , t h e e x t e n t o f t h i s s m o o t h n e s s is 

d e t e r m i n e d b y t he s p e e d o f t h e p r o c e s s a n d t h e 

m i l l i n g m e d i a u sed . A t t r i t o r m i l l i n g is s i m i l a r a n d 

o f t e n u s e s p o w d e r t h a t h a s a l r e a d y b e e n ba l l m i l l e d . 

T h e p o w d e r p a s s e s t h r o u g h a ve r t i ca l mi l l w i t h a 

r o t a t i n g cen t ra l s h a f t r e s u l t i n g in a m o r e u n i f o r m s i ze 

d i s t r i bu t i on . It is s t a n d a r d p r a c t i c e to f e e d t h e 

r e s u l t a n t m i l l e d p o w d e r b a c k in to t he mi l l t o f u r t h e r 

t i g h t e n t h e d i s t r i b u t i o n . T h e p o w d e r is t h e n d e f i n e d 

b y t h e n u m b e r o f t i m e s it h a s p a s s e d t h r o u g h t h e mi l l , 

i .e. a t t r i to r one , a t t r i to r t h r e e f o r o n e a n d t h r e e p a s s e s 

r e s p e c t i v e l y . 

P r e v i o u s w o r k h a s s h o w n tha t t h e l a r g e p a r t i c l e s ize , 

~ 2 u m , o f ba l l m i l l e d p o w d e r p r o d u c e s t h e h i g h e s t ds] 

v a l u e s , w h i l s t t h e s m a l l e r , m o r e e v e n l y d i s t r i bu t ed , 

p a r t i c l e s o f t h e a t t r i t o r m i l l e d p o w d e r s , ~ l u m , 

p r o d u c e t h e m o s t c o n s i s t e n t d ; ; v a l u e s [9]. T h i s p a p e r 

p r e s e n t s de t a i l s o f t h e n e x t s t a g e in t h e p a s t e 

d e v e l o p m e n t ; t h e c o m b i n a t i o n o f ba l l a n d a t t r i to r 

m i l l e d p o w d e r s a n d d e t e r m i n i n g t h e i r o p t i m u m ra t ios . 

2 Theory 

T h e l a r g e r p a r t i c l e s ize a s s o c i a t e d w i t h t h e b a l l m i l l e d 

p o w d e r r e su l t s in i n c r e a s e d p i e z o e l e c t r i c r e s p o n s e s . 

T h e r e f o r e , it w a s i m p o r t a n t to m a i n t a i n t h e b a l l m i l l e d 

p a r t i c l e as t he d o m i n a n t p a r t i c l e w i t h i n a n y p o w d e r 

c o m b i n a t i o n . T h e s m a l l e r a t t i i t o r m i l l e d p a r t i c l e s c a n 

b e u s e d to fill the i n t e r s t i c e b e t w e e n t h e ba l l m i l l e d 

pa r t i c l e s . T h e i n c r e a s e d m e c h a n i c a l d e n s i t y o f t h e 

film i m p r o v e s b o t h t h e m e c h a n i c a l c o u p l i n g a n d 

s u b s e q u e n t p i e z o e l e c t r i c p r o p e r t i e s o f t h e film. 

H e n c e , it w a s a n t i c i p a t e d t ha t b y b l e n d i n g t h e s e t w o 

p o w d e r s w e w o u l d o b t a i n a c o m p r o m i s e b e t w e e n t h e 

h i g h d ; ; v a l u e s a s s o c i a t e d w i t h b a l l m i l l e d p o w d e r 

a n d t h e c o n s i s t e n c y a c h i e v e d w i t h t h e a t t r i torS 

p o w d e r s [9]. 

T h e a t t r i to r pa r t i c l e s u s e d in t h i s i n v e s t i g a t i o n w e r e 

m i l l e d 3 c o n s e c u t i v e t i m e s a n d h a v e b e e n d e n o t e d 

a t t r i to r3 . T h e c o m b i n e d b a l l m i l l e d a n d a t t r i to rS 

m i l l e d p o w d e r s w e r e m i x e d w i t h F e r r o C F 7 5 7 5 l e a d 

b o r o s i l i c a t e g lass , w h i c h f o r m s t h e b i n d i n g m a t r i x 

w h e n fired. 
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3 Calculations 

T h e initial ca lcu la t ions for the ra t io of ball mi l l ed to 

at tr i tor mi l l ed p o w d e r s u s e d a bas ic 2 D m o d e l s h o w n 

in f igu re 1. 

At t r i tor mi l l ed 

par t i c le 

Bal l mi l l ed 

par t ic le . 

Fig 1: Ideal 2D modelfor particle distribution. 

A ball mi l led pa r t i c l e is the central par t ic le in the 

lat t ice and the in te rs t ice b e t w e e n these are filled wi th 

sma l l e r at tr i tor mi l l ed P Z T par t ic les . 

T h e l imi ta t ions a s soc ia t ed with this m o d e l are that it 

is a 2 D rep resen ta t ion of a 3 D p r o b l e m and it a s s u m e s 

the par t ic les are spher ica l . T h e mode l also a s s u m e s 

the g lass b i n d e r wil l me l t in the p roces s ing a n d f o r m 

an ideal b o n d i n g ma t r ix su r round ing the par t ic les . In 

addi t ion , it a s s u m e s that the o p t i m u m so lu t ion 

c o m p l e t e l y fills the inters t ice su r round ing the centra l 

par t i c le wi th at t r i tor par t ic les and g lass b i n d i n g 

mat r ix . T h e par t i c le sizes u s e d in the m o d e l are 

ob ta ined f r o m the s ize d is t r ibut ions iden t i f i ed in 

figure 2. 

Ball milled 
Vo lume (%) 

1 0 0 . 0 

Attritor 3 DaHed 

Particle Diamete r (Hm) 

Volume (%) 

Particlc Diameter (kim) 

Fig 2: Particle size distributions for ball and attritorS 
milled powders respectively. 

T h e ave rage par t i c le s ize w a s u s e d in t he ca lcu la t ions 

bu t c lear ly in p rac t i ce there are a range of par t i c le 

s izes . T h e par t i c le l ayou t s h o w n in f igure 1 w a s u s e d 

in t he mode l s ince the r e m a i n i n g inters t ice c lose ly 

m a t c h e s the a v e r a g e par t ic le s ize of the attritorB 

p o w d e r w h e n the bal l m i l l ed p o w d e r is u s e d as the 

d o m i n a n t par t ic le in the lat t ice. 

U s i n g the a v e r a g e bal l m i l l ed par t ic le d i ame te r o f 

2 p m , the largest par t i c le s ize that will fit the in ters t ice 

b e t w e e n the par t ic les is 0 . 8 3 p m . U s i n g this value, the 

total a rea b e t w e e n t h e bal l par t ic les was calculated. 

Th i s conf igura t ion fills 9 2 % of the area, w h i c h is the 

m a x i m u m ach ievab le w i t h t w o par t ic le sizes. A ratio 

of at tr i tor par t ic les to b a l l par t ic les requi red to fill the 

total area was t h e n ca lcu la ted b a s e d on the 

a s s u m p t i o n the ideal r e s u l t w o u l d b e obta ined when 

the r e m a i n i n g in t e r s t i ce was filled. T h e we igh t ratio 

of p o w d e r s can be c a l c u l a t e d us ing the dens i ty of 

P Z T - 5 H [4], this g i v e s an o p t i m u m p o w d e r rat io of 

8.8:1 ball mi l l ed t o a t t r i t o r mi l l ed p o w d e r b y weight . 

In p rac t ice the attritorB p o w d e r has an average par t ic le 

size of lp ,m, s l ight ly a b o v e the ideal . This pract ical 

p o w d e r s ize p r o d u c e s a n e w o p t i m u m p o w d e r rat io of 

7.4:1 ball mi l l ed to a t t r i t o r mi l l ed p o w d e r b y weight . 

T h e closest in teger n u m b e r of par t ic les in the latt ice 

o f figure 1 to this w o u l d g ive an o p t i m u m weigh t rat io 

of 4:1. G i v e n this , a n d a l lowing fo r the other 

a s sumpt ions d e s c r i b e d a b o v e a n d us ing an in teger 

n u m b e r of par t ic les i n t h e m o d e l , a r ange of p o w d e r 

ra t ios f r o m 8:1 to 2 : 1 b y we igh t w e r e inves t iga ted . 

T h e ca lcu la ted p e r c e n t a g e s of p o w d e r s for e a c h pas te 

are s h o w n in tab le 1. T h e pe rcen t age of g lass b inder 

r e m a i n e d cons tan t s i n c e 10% has p rev ious ly b e e n 

iden t i f i ed as the o p t i m u m [9]. 

Table 1. Percentages of A t t3 and Ball powders 

50 

Paste Attritor3 

percentage 

weight 

Ban 

percentage 

weight 

CF7575 
percentage 

weight 
40 8:1 10% 80% 10% 
30 4:1 18% 72% 10% 
30 2.6:1 25% 65% 10% 
10 2:1 30% 60% 10% 

4 Processing 

T h e four p o w d e r c o m b i n a t i o n s in tab le 1 w e r e m i x e d 

wi th E S L 4 0 0 s o l v e n t t o c rea te th ixo t rop ic sc reen 

pr in tab le pas tes . T h e s e p a s t e s w e r e t h e n m i x e d us ing 

a t r iple roll mil l , w h i c h d i spe r se s t he p o w d e r s even ly 

th roughou t the pas te . T h e pas t e s w e r e p r in t ed o n a 

9 6 % a lumina s u b s t r a t e u s ing s t anda rd th i ck - f i lm 

screen-pr in t ing p r o c e s s w i t h a D E K 1200 pr in ter . T h e 

subst ra tes w e r e d r i e d i n a D E K 1209 IR dr ier at 

140°C and then fired o n a be l t f u r n a c e wi th a f i r ing 

p ro f i l e s h o w n in t ab le 2 . 

T a b l e 2: Fu rnace firing p r o f i l e s fo r D u p o n t 6 0 a n d 

mtlOOO. 

Stage 1 

T e m p 

rc) 
350 600 885 883 890 870 

T h e sc reen-pr in ted l a y e r s f o r m e d a c a p a c i t o r s t ruc tu re 

a r r angemen t , wi th E S L 9 9 3 6 B l o w m i g r a t i o n A g P d 



b o t t o m a n d t o p e l e c t r o d e s fired w i t h t h e s a m e firing 

p r o f i l e a s t h e P Z T l aye r , figure 3 . 

P Z T l a y e r 

S u b s t r a t e 

E l e c t r o d e s 

Fig 3: Capacitive structure for the piezoelectric device 

T h i s e n t i r e p r o c e s s t o o k p l a c e w i t h i n t h e U n i v e r s i t y o f 

S o u t h a m p t o n M i c r o e l e c t r o n i c s C e n t r e c l e a n r o o m 

f a c i l i t y t o f u r t h e r r e d u c e a n y p o s s i b l e s o u r c e s o f 

c o n t a m i n a t i o n i n t h e p a s t e s . S a m p l e s f r o m e a c h b a t c h 

w e r e v i e w e d i n a S c a n n i n g E l e c t r o n M i c r o s c o p e 

( S E M ) . 

O n c e fired, e a c h s a m p l e w a s p o l e d a t 1 5 0 ° C w i t h 

field s t r e n g t h o f 4 M V m ' ' f o r 3 0 m i n u t e s a n d t h e n 

a l l o w e d t o c o o l t o r o o m t e m p e r a t u r e w i t h a 

c o n t i n u o u s l y a p p l i e d e l ec t r i c field [4] . T h e d ; ; v a l u e s 

w e r e m e a s u r e d u s i n g a T a k e C o n t r o l P M 3 5 

p i e z o m e t e r . T h i s m e a s u r e m e n t m e t h o d p r o v i d e s 

c o n s i s t e n t a n d r e p e a t a b l e r e s u l t s b u t t h e m e a s u r e d 

r e s u l t s a r e l i m i t e d b y t h e c l a m p i n g e f f e c t o f t h e 

s u b s t r a t e . T h i s c l a m p i n g e f f e c t i n c r e a s e s t h e 

i n f l u e n c e o f t h e d ; , c o e f f i c i e n t t h e r e b y r e d u c i n g t h e 

e f f e c t i v e dss [6] . T h e b e n d i n g m o m e n t s g e n e r a t e d b y 

t h e s u b s t r a t e m u s t b e c a r e f u l l y c o n t r o l l e d a s t h e 

i n c r e a s e d s t r e s s w i t h i n t h e d e v i c e c a n a m p l i f y t h e 

e f f e c t i v e dgg a n d i f n o t a c c o u n t e d f o r c o r r e c t l y c a n 

l e a d t o a r t i f i c i a l l y h i g h re su l t s b e i n g r e p o r t e d . 

5 Results 

F i v e d33 m e a s u r e m e n t s w e r e t a k e n o n b e t w e e n 8 a n d 

2 4 d e v i c e s w i t h t h e a v e r a g e v a l u e r e c o r d e d a n d t h e 

s t a n d a r d d e v i a t i o n c a l c u l a t e d . F i g u r e 4 a n d 5 s h o w 

t h e a v e r a g e m e a s u r e d d ; ) v a l u e s a n d s t a n d a r d 

d e v i a t i o n s f o r e a c h o f t h e p o w d e r c o m b i n a t i o n s 

r e s p e c t i v e l y . I n c l u d e d a r e t h e p r e v i o u s r e s u l t s f o r ba l l 

a n d a t t r i to r3 m i l l e d p o w d e r f o r c o m p a r i s o n [9]. 

Bal milled Att3 milled 

Batch 

Atl3 

milled 
Batch 

Fig 5: Percentage standard deviation for the measured dss 
value of each powder combination. 

F i g u r e 6 s h o w s a S E M m i c r o g r a p h o f t h e 4 : 1 ba l l to 

a t t r i to r P Z T layer . I t a p p e a r s tha t t h e l eve l o f 

s i n t e r i n g b e t w e e n t h e P Z T p a r t i c l e s is l o w b u t tha t t he 

g l a s s b o n d i n g m a t r i x a n d t he c o m b i n a t i o n o f p o w d e r s 

h a s p r o d u c e d a r e l a t i v e l y d e n s e film w i t h r e d u c e d 

in te r s t i ces . 

Fig 4: Average measured da value for each powder 
combination. 

Fig 6: SEM micrograph cross-section of 4:1 ball to 
attritor PZT layer. 

T h e r e su l t s s h o w tha t t h e r e is a c l e a r i m p r o v e m e n t in 

t h e d33 v a l u e o b t a i n e d b y c o m b i n i n g p o w d e r t y p e s 

t o g e t h e r . I n a d d i t i o n , t h e r e is a n o p t i m u m ra t io o f 

p o w d e r s w h i c h o c c u r s a t a r a t i o o f 4 : 1 b y w e i g h t . T h i s 

g i v e s a d33 v a l u e o f 6 3 . 5 p C / n a n d a l so s h o w s a n 

i m p r o v e d s t a n d a r d d e v i a t i o n w h e n c o m p a r e d t o t h e 

o r ig ina l ba l l m i l l e d p a s t e . 

6 Discussion of results 

T h e c o m b i n a t i o n o f 4 : 1 b y w e i g h t o f ba l l m i l l e d to 

a t t r i tor m i l l e d p o w d e r ( 1 8 % a t t r i to r3 , 7 2 % ba l l a n d 

1 0 % C F 7 5 7 5 p o w d e r s ) p r o d u c e s t h e h i g h e s t d33 

c o e f f i c i e n t w i t h a n a v e r a g e m e a s u r e d v a l u e o f 

6 3 . 5 p C / N . F i g u r e 4 s h o w s t h a t t h e n u m b e r o f s m a l l e r 

p a r t i c l e s a d d e d t o t h e p a s t e i n d i c a t e s a s a t u r a t i n g 

e f f e c t p a s t r a t io s o f 2 . 6 : 1 a s t h e i n t e r s t i c e g a p s w i t h i n 



the mat r ix h a v e b e e n a l r eady filled. Th i s resul t agrees 

r ea sonab ly c lose ly w i t h the bas i c 2 D mode l . 

T h e p r e v i o u s o p t i m u m pas te , ob ta ined f r o m pu re ly 

bal l mi l l ed p o w d e r , h a d a 633 coe f f i c i en t of 5 2 p C / N . 

T h e n e w 4:1 p a s t e has resu l t ed in an inc rease in 

p iezoe lec t r i c act ivi ty of ove r 2 0 % . T h e resul ts also 

s h o w that the p e r c e n t a g e of dev ia t ion has dec reased 

f r o m 6 . 2 % to 3 . 9 % f r o m the p rev ious bal l mi l l ed 

pas te . Th i s ind ica tes the o p t i m u m pas te not on ly 

p r o d u c e s a m o r e ac t ive f i lm, but a lso resul ts in a m o r e 

repea tab le mater ia l . 

7 Conclusions 

Journa l of app l ied p h y s i c s , vol . 76, p p 1764,1767, 

1994. 
[7] P.Glynne-Jones, S.P.Beeby, P.Dargie, T Papakostas, 

N.M.White: An investigation into the effect of modified 

firing profiles on the piezoelectric properties of thick-film 

P Z T layers on silicon, M e a s . Sci. Technol., Vol. 11, pp 526-

531,2000. 
[8] Piezoelectric thick-film polymer pastes, T.Papakostas, 

N.R.Harris, S.P.Beeby, N.M.W^ite, Eurosensore XH, pp. 

461-464,1998 
[9] R-N.Torah, S.P.Beeby, N.M.White, A study of the effect 

of powder preparation and milling process on the 

piezoelectric properties of thick-film PZT, Eurosensors XVI 

Proc., Prague, 2002. 

Th i s p a p e r has d e m o n s t r a t e d that the b l end ing o f 

~ 2 i i m and ~ l j a m d i a m e t e r ball and attritorS mi l led 

P Z T p o w d e r s wi th a r e spec t ive we igh t rat io of 4 :1 

resul t s in i m p r o v e d p iezoe lec t r i c t h i ck - f i lm 

behav iour . Inc reas ing f r o m a p rev ious h igh of 

5 2 p C / N to 6 3 . 5 p C / N , a 2 0 % i m p r o v e m e n t , wi th an 

a lmos t 5 0 % increase in cons i s tency . 

Fu r the r w o r k will deve lop a 3 D m o d e l to seek fu r the r 

op t imisa t ion a n d c o n f i r m a t i o n o f the exper imen ta l 

work . O n c e c o n f i r m e d , a fu r the r inves t iga t ion into 

i m p r o v i n g t he p r o c e s s p a r a m e t e r s fo r the film will b e 

conduc ted , spec i f ica l ly , the firing t empe ra tu r e a n d 

p o l i n g pa rame te r s . In addi t ion , the use of mul t i l aye r 

s t ruc tures in c o m b i n a t i o n wi th this n e w p a s t e 

f o r m u l a t i o n will b e inves t iga t ed to fu r ther increase the 

e f f ec t ive d33 coe f f i c i en t . 
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