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ABSTRACT

The effect of various solutions on silver electrode adhesion strength on lead zirconate titanate
has been studied through a series of soak tests, thick film adhesion pull tests, and SEM/EDS/XRD
characterization. The work was sponsored by Piezo Kinetics Incorporated (PKI) in an attempt to
identify why only certain silver electrodes peeled after contact with their dicing fluid mixture. This
study determined that PKI utilizes a glass frit which serves as the permanent adhesive to bond the
silver to the PZT. It was hypothesized that a chemical reaction is occurring between the dicing fluid
mixture and this glass frit.

It was found that the following solutions cause peeling of the electrode: hydrochloric acid,
sodium hydroxide, Diamaflow™ (a component of the dicing fluid mixture), and the dicing fluid. A
unique censored and separated Weibull approach was used to analyze the corrosion process, and
failure loads corresponding to a 10% failure probability were used to compare all the samples. The
tensile pull test data showed no distinct correlation between intrinsic adhesion strength and peeling
probability after soaking. In fact, all electrode and PZT combinations exhibited very strong
adhesion before soaking. However, adhesion strength after corrosion was shown to be comprised up
to 90% in some conditions.

SEM characterization of the electrodes before soaking showed that electrode
microstructures with a Bi-based glass frit sintered to a higher density and contained smaller pores as
compared to electrodes using a Pb-based glass frit. It is hypothesized that the denser silver layer may
act as a barrier, shielding the glass components from contact with the dicing fluid. SEM and EDS
also showed the presence of fine precipitates on the surface and bottom of the peeled electrodes.
Most of these precipitates contained lead, bismuth, oxygen, silver or chlorine. XRD identified strong
matches to silver chloride and bismuth oxide, but could not identify the precipitates containing lead.
It is expected that these solutions corrode the glass bonding agents through ion-exchange or network

dissolution. Without the glass, the electrodes exhibit poor adhesion strength and peel easily.



TABLE OF CONTENTS

LIST OF FIGURES ... e e e v
LIST OF TABLES ... vii
ACKNOW LED GEMEN TS ... e e e iv
INTRODUCTION. . e e, 1
PiezoeleCtric MaterialS..........oouiiiiii e e 1
Background INfOrmation..............oiiiiiii i 2
Engineering Considerations...........c.oouiiiniie e, 3
LITERATURE SURVEY ... e e e 6
Principles of AdNeSION ... 6
Ceramic-Metal Bonding TeChNIQUES ........c.ouiinieiiiie e 8

Glass Frit BoNAiNg ........ouiiiiii e 8

Types of Glass Frit BONAING ......c.oonuiiieii e 9

Glass Frit Structure and FUNCLION ... 9

Glass Frit Bonding DESIAN .......uvinii et 10

Glass Frit Bonding: Adhesion Failure.............oooviiiiiiii i 12

GlaSS COTTOSION ..ttt e e, 13
Adhesion Strength Testing of Thick FIilms ... 15
STATEMENT OF WORK ..., 17
EXPERIMENTAL PROCEDURE........ciiii e, 19
MALEETALS ... 19

PZT COMPOSITIONS  cuvneeieet ittt et e e e e e 19

Silver Electrode COMPOSITIONS ......vvneieiee ettt 20

Methods and ANalYSIS: ..o 20

S0aK TS ... .ttt e et e e 20

AP TS ittt et e e 22

Adhesion Strength TestiNg .......c.ooviiniiii e, 22

Materials CharaCterization ..........c.oouiiiniii e 25

RESULTS AND DISCUSSION ...t e e, 27
S0AK TS ettt et e, 27

PUIL T Ot o, 32
Average Failure Load APProach .........c.ooouiiiiii e, 32

WERIDUIT ANAIYSIS. ...ttt et ettt eaaeeaneens 34

Electrode CharaCteriZation............ooiiiiiiiie e 41
UNSOAKEA EIECIIOUES ...t e, 41

NaOH S0aKed EIECLIOUBS ......vve ettt e, 43

HCI S0aKEA EIBCIIOUES ... vvveeeeeeee e e e e e e, 45




CONCLUSIONS e

FUTURE WORK ...

REFERENCES



Figure 1.

Figure 2.

Figure 3.

Figure 4.

LIST OF FIGURES

Schematic representation of molybdenum sulfide formation in the nonionic
microemulsion NP-5/TX-100/cyclohexane/water

Effect of the water-to-surfactant molar ratio and the polar headgroup on the average
hydrodynamic diameter for the microemulsion system
NP-5/TX-100/cyclohexane/Water ..............ccoouiiiiiiniiii e, 7

Effect of water-to-surfactant molar ratio on the fluorescence spectrum of
ANS. (A) NP-5/cyclohexane/water; (B) TX-100/cyclohexane/water ................. 14

Effect of water-to-surfactant molar ratio on the ratio of quantum yield of ANS
in microemulsion to that in water. (A) NP-5/cyclohexane/water; (B)
TX-100/CYyClONEXaN@/WALEN ... ... et e 23



Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

LIST OF TABLES

PZT substrate compositions used by PKI (inWt. %) .......cccoiiiiiiiiiiiie, 23
Silver electrode compositions used by PKI ... ..., 24
Soak test results on electrode adhesion for several PZT-electrode compositions........... 34
Soak test results for 108Ag electrode on 409/509 PZT after 8 hours of soaking........... 34

Localized and time-dependent soak test results for the 100Ag and 108Ag electrode...... 36

Average electrode adhesion strength values of samples with no respect to failure
NOUES ..ottt ettt et e e e 40

Weibull parameters for all test conditions with no respect to failure modes................. 43

Weibull modulus and 10% failure probability loads for all conditions....................... 47



ACKNOWLEDGMENTS

I would like to thank the employees of PKI for all their help and support through the duration
of this study. In particular, I would like to thank Joe Smith for supplying the test samples, performing
some of the soak tests, and being flexible as we moved through this project.

There was initial work conducted on this silver electrode adhesion problem. The work was
again performed by individuals from PKI as well as some of my fellow students. Their help in
identifying possible causes for the adhesion failure is duly noted.

Finally, I would like to thank my thesis advisor for this project. His continual

involvement, availability, and proactive approach to this study were very much appreciated.



LITERATURE SURVEY

This study investigates the source of adhesion between the silver electrode and the PZT
substrates. Therefore, it is first beneficial to review the different types of adhesion and bonding
available in materials. Following this introduction, there will be a more detailed survey addressing
industry standard techniques for bonding metals to ceramics, specifically glass-bonded electrode
systems. With PKI’s bonding technique identified, failure mechanisms and corrosion of glass-frit
bonded systems will also be covered. Since there are obvious challenges on how to measure the
intrinsic electrode adhesion strength, various methods used to measure the mechanical strength of

electrodes on substrates will also be addressed.

Principles of Adhesion

At a fundamental level, this study investigates the bonds formed between the electrode and
PZT surface and why they fail. It is difficult to identify the exact type of bond present between the
two materials, so indirect methods must be used to make the correlation. It is the goal of this study to
identify what is responsible for the loss of adhesion between the electrode and PZT. Adhesion
between two materials involves the interaction of atoms or molecules at their interface. This cohesive
force can be categorized by the type of interaction and includes: physical, chemical, and mechanical
bonding processes [6]. Each of these interaction processes carries an associated bonding strength.

Physical bonding, such as VVan der Waals, is always present in materials despite its weak
contribution to the overall adhesion force. Other intermolecular forces include dispersion forces
(called London Forces), dipole-dipole interactions and hydrogen bonding. The magnitudes of these
forces (~0.1-1 eV/atom) stem from interatomic interactions that are a function of atomic radii and
separation [7]. The Lennard-Jones potential [7] is one of the most common approximations of this
interaction energy and is given as:  where ¢ is equal to radius of repulsive core or the distance at
which the inter-particle potential is zero. The strength of attraction (depth of potential well) is
denoted by ¢ and the distance between atoms, r. While intermolecular forces are relatively short
range and weak, they are still important in describing molecular interactions between solid-solid

interfaces.
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In addition to physical bonding, chemical bonding plays an even larger role in adhesion
between materials [6]. Chemical bonding involves the formation of ionic, covalent or metallic
bonds across an atomic interface. The bond strength per atom is much larger than that observed in
physical bonding processes, with magnitudes between 1-10 eV/atom. However, the strength of the
chemical bonding depends significantly on bond character and wetting, which influences the
likelihood of these strong chemical bonds forming [6].

One consequence, or benefit, of chemical bonding may be the formation of at least one
new phase at the interface between base materials. This event, called reactive bonding, can
promote strong adhesion between dissimilar materials or it can reduce adhesion, because the bond
strength becomes related to the properties of the interface and new phases that have formed. This
process is controlled by the solid state diffusion and reaction kinetics of the two interface materials
[8]. Species with high diffusion coefficients will establish a large concentration gradient into the
other solid, and again depending on the properties of the new phases, these may improve or

decrease the adhesive force between the two base materials.
One final bonding process worth mentioning is the mechanical bond. There are several

variations on the topic, but all involve a material penetrating into the substrate and becoming
mechanically interlocked at some level. To increase the strength of this physical bond, one of the
materials is usually required to be able to flow and penetrate into grain boundaries, pores, etc. Thus,
glass is a prime example that uses this principle and is commonly used in the design of seals and
adhesive bonds. Mechanical bonding can also be enhanced by increasing the surface roughness of the

substrate.

Ceramic-Metal Bonding Techniques

There are several techniques available for joining ceramics and metals. These include
mechanical fasteners, friction welding, adhesive bonding, and brazing [9]. The first two methods can
be dismissed when considering the performance requirements and applications for PZT/electrodes, as
they are not relevant. Brazing is a technique commonly used in the electron device industry to create

a vacuum seal between the metal and ceramic. It involves a technique called metallization, wherein a



special alloy is used to coat a non-metallic object. Then, a filler metal is melted and distributed
between another metal and the coated object. The filler metal acts as the bonding agent between the
two metal surfaces. This technique is also impractical in light of the special electrical properties
desired in the final product for PKI. That leaves adhesive bonding as the remaining technique, which

is discussed below.

The adhesive bonding technique utilizes a physical adhesive that essentially joins the two
materials together. A solder glass frit is commonly used in the piezoelectric and solar power
industries [10]. It has long been recognized that glass is able to bond well to a wide variety of metals
and alloys, and as such, can be used to facilitate the bond between metals and non-metals. The glass
forms a mechanical and chemical bond to the substrate, penetrating into the surface defects and grain
boundaries. This generates a strong, low-temperature ceramic-to-metal seal that has been introduced
into many new applications. Studies have shown that the chemistry of the electrode material has a
large influence on the wettability and adhesion to the underlying substrate [11]. Different electrode

compositions and their effect on adhesion are outlined in the next section.

Glass Frit Bonding

Glass frit bonding is a fusion technique in which the glass is melted in contact with the metal
and ceramic parts [12]. The conductive metal powder, glass components and organics are
homogeneously mixed into a paste. Organics are used to improve wetting on the substrate and
disperse the powders. During firing, the viscous glass melt is able to flow into and onto the surface of
the parts, where it wets the surface and reacts to form an interface. The glass frit migrates to the
ceramic substrate and forms a pillar-like structure, which provides the mechanical strength needed to
join the two materials [13]. The glass frit bonds both mechanically and chemically to the ceramic and
the silver film [13].

Types of Glass Frit Bonding

According to Wang et al [11], three types of bonding can occur between the metal and
ceramic depending on the chemistry of the electrode: glass bonding, reaction bonding, and flux
bonding. In glass-bonded systems, typically containing 2—-10 wt. % lead borosilicate glass, the

glass migrates to the ceramic-metal interface and forms a chemical bond to the metal film in



addition to the mechanical bond to the ceramic [11]. In reaction-bonded systems, adhesion is
created using a variety of dopants, typically oxides of copper or cadmium used in the range of
0.1-1 wt. % [11]. These additives can form intermediate compounds with the base ceramic
during firing. One drawback of this technique is that it requires higher firing temperatures than
non-reactive glass bonding to create the bond. Flux bonding incorporates 1-5 wt. % of an oxide,
which can form a liquid phase with the ceramic. For instance, Bi203 is a common flux agent
used on alumina substrates because of the eutectic liquid formation of Bi203-Al203 at 820 °C
[14]. Combinations of the three techniques are also employed successfully, depending on the
application. Since PKI utilizes a bismuth-based and a lead-based glass frit with external dopants,
the combination of glass bonding and reaction bonding will be discussed in more detail.

Glass Frit Structure and Function

As the silver electrodes used by PKI contain either a Bi-based or Pb-based glass, it is
beneficial to consider the function and structure of the glass frits, in addition to their interaction
behavior with the silver powder and substrate. Kim et al. and Ko et al. [10, 15] studied the
characteristics and effectiveness of these Bi-based and Pb-based glass frits, respectively, as
binders for silver powder on silicon wafers.

The glass frit acts as a permanent adhesive i.e., the glass bonds the silver particles to the
substrate and also promotes sintering of the silver powder during the firing schedule. This
approach significantly improves the bond strength between the electrode film and substrate when
compared to a pure silver film [10]. When considering liquid phase sintering, it is logical that the
silver microstructure densifies more easily with the addition of the glass sintering aid. The glass

frit was found to be well distributed in the silver grains when fired at 600 °C [10, 15].
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