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Abstract

The microstructures of 8 model Ag-based electrode pastes, fired on to PZT using commercial firing schedules, have been examined using
SEM with EDS, and the electrical performance of these systems investigated. The effects of three different bonding additives (Bi2O3, CuO,
and a lead boro-aluminosilicate glass frit) were investigated both individually and together. The additives were found to be vital for good
bonding. In unfritted systems eutectic reactions between the additives, the electrode Ag, and the PZT dominated the microstructural evolution,
the loss of Pb from the ceramic being of particular importance. In fritted pastes the glass frit dissolved the Bi2O3, and was able to draw the CuO
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o the interface, allowing reaction to occur. Electrical testing showed the unfritted systems to exhibit increased dielectric losses at fs
10,000 Hz due to Pb loss resulting in interfacial polarisation.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Electrode metal pastes for electrical contact with elec-
roceramics typically contain bonding additives to facilitate
onding at the metal–ceramic interface. For dielectric materi-
ls these additives usually fall into three main categories.Frit
onded pastes contain 2–10 wt.% of a glass frit, typically a
orosilicate/aluminosilicate, its role being to melt, be drawn

o the substrate by capillary action, wet the ceramic, and
orm a physical bond with the electrode metal.Flux bonded
astes contain 1–5 wt.% of a melting oxide phase (typically
i2O3), its role being to be drawn to the metal–ceramic inter-

ace, and to wet and/or penetrate into the grain boundaries of
he ceramic.Reactivebonded pastes contain a small amount
0.1–1 wt.%) of a reactive oxide, typically CuO or CdO, to
acilitate reaction at the interface.Mixedbonded systems are
robably the most commonly used, containing more than one
usually all) of these additives, the theory being, due to the
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empirical nature in which these technologies have evo
that if one system works well, then there is further bene
using the additives together. Much of the work done on th
teraction of these additives with the substrates on which
are used has focused on the ceramics used for printed c
board applications (e.g. Al2O3 and AlN). A series of studie
of various binary glasses on perovskites such as BaTiO3 and
CaTiO3

1–4 have been undertaken. In general, glasses
in network formers (e.g. B2O3, SiO2) facilitated reaction a
the interface, whereas glasses rich in network modifiers
PbO, Bi2O3) did not.

The conduction mechanisms (and the effect on the
dopants) for lead zirconate titanate (PZT) have been stu
by many authors.5–7 It has been proposed6 that the conductiv
ity within undoped PZT is p-type, and that this resulted f
vacancies on the Pb site, caused by the loss of PbO d
sintering. These Pb vacancies become ionised (to pro
localised electroneutrality), generating holes. Use of d
dopants also promotes Pb vacancies as well as contrib
conduction electrons (reducing the p-type conductivity).
use of acceptor dopants (such as those used in the har
955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.05.016
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of this study) increase the number of oxygen vacancies, and
contribute holes to the conduction process (increasing p-type
conductivity). For this reason soft PZTs are more electrically
insulating than hard PZTs.

Little published research has examined the microstruc-
tures of metal electrode–electroceramic interfaces and even
less has correlated the microstructures to the electrical be-
haviour. Commercial hard PZTs were used along with 8 Ag-
based electrode pastes of increasing complexity approaching
commercial compositions. The Ag pastes contained from one
to several oxide additions enabling the effect of each oxide
and their synergistic effects on microstructures and electrical
properties to be determined.

2. Experimental method

Commercial substrates of hard PZT doped with Sr and Fe,
were polished and ultrasonically cleaned in methylated spir-
its. Ag based electrode metal pastes 1–8 with compositions
given in Table 1were screen printed on to the substrates.
An organic vehicle containing two hydrocarbon resins, one
cellulose resin, and two different grades of glycol solvents
controlled the rheology of the electrode pastes. The samples
were then fired using schedules comparable to those used in
industry. From room temperature the samples were heated at
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1K, 10K, 100K, 500K, and 1 MHz, at room temperature. In
between measurements made at each frequency, the machine
was recalibrated with respect to open and short circuits to
take into account frequency effects on impedance measure-
ment. The electrical measurements were performed on two
independently prepared samples for each system. The mean
dielectric loss was then calculated from these two measure-
ments.

Limited impedance spectroscopy measurements were un-
dertaken to distinguish potential electrode effects. Room
temperature performance was determined using a Hewlett-
Packard HP 4192A LF Impedance Analyser. A single sample
of each system was evaluated over the range 5 Hz to 2 MHz,
with an ac amplitude of 100 mV, taking 10 measurements per
decade, without bias. A single sample (paste 1/900◦C) was
evaluated under the same conditions but with a dc bias of
5, 10, and 15 V. The data were analysed using in-house soft-
ware, with the data corrected for sample geometry. This sam-
ple was also tested using a Solartron 1260 Impedance/Gain
Phase Analyser, with a Solartron 1296 Dielectric Interface, to
measure the impedance at an elevated temperature (102◦C),
and at room temperature (for comparative purposes). An ac
amplitude of 100 mV was used over the frequency ranges
1 Hz to 1 MHz, and 0.1 Hz to 100 Hz. The data corrected for
sample geometry were analysed using Solartron Impedance
measurement software.
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0◦C/min to 150◦C, held for 12 min to burn off the organ
ehicle, heated at 10◦C/min to the target temperature (7
00, and 900◦C), held for 1 h, before returning to room te
erature at 10◦C/min. Samples were cut and polished in cr
ection, and sputter coated in carbon to avoid specimen c
ng. The microstructures of the electrode–electroceram
erfaces were then characterised using scanning electro
roscopy (SEM) and energy dispersive spectroscopy (E
he SEMs used were a Camscan series 2A (operati
0 kV), and a JEOL-6400 (operating at 20 kV), both w
ink Analytical EDS systems (beryllium window) and ca
le of secondary and back-scattered electron imaging
nd BEI). A probe size of <0.05�m diameter was used, wi
likely interaction volume of <1�m3.
Samples were also produced for electrical testing. T

amples consisted of 7.4 mm× 3.4 mm × 1.25 mm PZT
locks with fired screen printed electrodes of pastes 1–
ach of the 7.4 mm× 3.4 mm faces. LCR measurements w
erformed on a Hewlett-Packard 4284A Precision LCR

er. An ac field strength of∼1V was used in each case. T
ielectric loss (tanδ) was measured at frequencies of 20, 1

able 1
ompositions of Ag-based electrode pastes 1–8

aste Composition

Ag
Ag + Bi2O3 (5 wt.%)
Ag + CuO (1 wt.%)
Ag + Bi2O3 (5 wt.%) + CuO (1 wt.%)

lass frit composition∼10 wt.% SiO2, ∼13 wt.% Al2O3, ∼62 wt.% PbO,
e Composition

Ag + glass frit (∼8 wt.%)
Ag + Bi2O3 (5 wt.%) + glass frit (∼8 wt.%)
Ag + CuO (1 wt.%) + glass frit (∼8 wt.%)
Ag + Bi2O3 (5 wt.%) + CuO (1 wt.%) + glass frit (∼8 wt.%)

wt.% B2O3.

. Results and discussion

.1. Microstructural analysis

For each electrode paste 1–8, fired at each temper
DS revealed some interchange of mass across the int
etween the metal and ceramic, with Ag in the PZT and
r, and Ti in the Ag electrode, local to the interface (∼1�m).
iffusional penetration of Ag up to 1000�m into PZT has
een reported by Slinkina et al.8 using a radio tracer metho
DS (detection limit >0.1 wt.% Ag) is unable to detect

ow concentrations of Ag found by these authors at this d
∼1000�m) in the current work.

.1.1. Unfritted pastes
Electrodes containing Ag alone (no bond

dditives—paste 1) generally resulted in poor bond
ith extreme delamination (Fig. 1a) for samples fired a
00◦C, and significant interfacial cracking for samp
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Fig. 1. (a) SEI of paste 1 (no additives) with extensive delamination (700◦C), (b) BEI of paste 2 (Ag + Bi2O3) showing an interfacial Bi-rich liquid (light
phase) and limited grain boundary penetration (700◦C), (c) BEI of paste 4 (Ag + Bi2O3 + CuO) with deeper penetration of the Bi-rich phase, and prevalent
unreacted CuO (700◦C), (d) BEI of paste 3 (Ag + CuO) with no CuO left in the bulk electrode (900◦C), and (e) BEI of the plan view microstructure of paste
3 (900◦C), showing the formation of light lath-like phases and (f) EDS of lath-like phases.

fired at 800◦C. By 900◦C the electrode adhesion improved,
probably due to a Ag-PbO eutectic that is able to form
from ∼820◦C (Fig. 2). The effect of Bi2O3 is dependent
on the presence of other additives and firing temperature.
When Bi2O3 is the only bonding additive (paste 2), fired
at 700◦C, a continuous Bi-rich (liquid) phase forms at the
interface (Fig. 1b), penetrating the grain boundaries∼2 and
3�m into the ceramic. Bi2O3 has a melting temperature of
∼825◦C, which would suggest that the liquid phase is the
result of a eutectic reaction, likely to be Bi2O3–PbO, which
can form from∼600◦C. This continuous interfacial liquid
phase is missing from the samples fired at 800/900◦C due to
conditions more favourable to grain boundary penetration,

with extensive penetration (>30�m) of the Bi-rich phase
into the PZT (similar to the microstructure shown inFig. 1c).
When Bi2O3 is included in the electrode paste with CuO
(paste 4), the temperature of liquid formation appears lower.
Samples fired at 700◦C (Fig. 1c) do not contain a continuous
Bi-rich phase at the interface, with deeper grain boundary
penetration of this Bi-rich liquid phase into the ceramic. A
similar grain boundary penetrated microstructure is seen at
8/900◦C for paste 2.

The behaviour of CuO is less affected by the presence
of Bi2O3. For pastes 3 and 4, unreacted CuO is abundant
throughout the electrode microstructure (as seen inFig. 1c)
for samples fired at 700/800◦C. When fired at 900◦C there is
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Fig. 2. (a) Phase diagram of the binary system PbO–Ag,9 (b) pseudobinary Ag–PbO–CuO phase diagram with a 20CuO/80PbO molar ratio.10

a distinct difference, with no unreacted CuO within the elec-
trode microstructure (Fig. 1d). Instead, EDS reveals traces of
Cu in the electrode Ag itself, at the interface, and∼2–3�m
into the PZT. CuO, with a melting temperature of 1026◦C,
would require interaction with other phases to melt. This
change in state of CuO occurring between 800 and 900◦C
may be due to a combination of the Ag–PbO eutectic (from
∼820◦C)9 and a Ag–PbO–CuO eutectic10 (Fig. 2a and b),
respectively, which can form from 750◦C. The formation of
this lower temperature eutectic may not be possible at this
temperature if the PbO levels in the bulk electrode are too
low (if the process is kinetically slow). The formation of the
Ag–PbO eutectic at the interface could be a pre-requisite,
by facilitating increased transport of PbO into the electrode
bulk, to making the melting of CuO possible. The detection
of Cu within the PZT would suggest that interaction occurs
with the ceramic in this melted state. Initial tests performed
on the first reactive pastes in the 1970s (U.S. Patent 3 799
890) suggested that the optimum temperatures were the tem-
peratures of decomposition of the reactive agent (1026◦C for
CuO). The eutectic melting of CuO may lower the optimum
temperatures by reducing the effective temperature of decom-
position. Plan view analysis of the range of unfritted systems
revealed the formation of lath-like grains on the surface of the
electrode (Fig. 1e). These laths were found predominantly in
sample fired at 900◦C, and some at 800◦C, and had a com-
p e
p PZT
s

3
be-

h ther-
w ent
f the
d t
c gh-

out the electrode bulk. Since the glass frit was designed for
firing at ∼800◦C, the viscosity of the glass at 700◦C may
be too high to flow through the network of pores to the
electrode–ceramic interface. After firing at 800◦C the de-
tectable glass frit elements (Pb, Al, Si) were all detected with
increasing concentration as the interface was approached.
This is generally accepted as the ideal scenario and would
suggest that the glass is drawn towards, and interacts with, the
substrate, perhaps by capillary action through the voids in the
electrode microstructure. The interaction with the substrate
and the glass is also known to have a role in drawing the frit
to the interface. Yajima and Yamaguchi11 found that a glass
frit within a Ag electrode paste was preferentially drawn to
an Al2O3 substrate, when compared to the frits behaviour on
a Ag substrate, under identical conditions. The interaction of
the frit with the Al2O3 was believed to be instrumental in this
behaviour. After firing at 900◦C all of the detectable glassy
elements were found, but dispersed throughout the electrode
thickness. Plan view analysis (Fig. 3) of fritted systems fired
at 900◦C showed phases likely to be glass on the surface of
the PZT (seen through voids in electrode coverage), and on
the electrode surface. Similar glass pools have been observed

F o the
s

osition as shown inFig. 1f. It is believed that these lath-lik
hases are PbO based (a result of PbO loss from the
ubstrate).

.1.2. Fritted pastes
The firing temperature of the electrode affected the

aviour of the glass frit. In each case the presence (or o
ise) of B could not be detected, being too light an elem

or the Be window EDS detector, making Al, Pb and Si
etectable species. After firing at 700◦C the only element tha
ould be detected by EDS was Al which was found throu
ig. 3. Micrograph of the plan view microstructure of paste 3 fired on t
ubstrate at 900◦C, showing the lack of formation of lath-like phases.
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Fig. 4. (a) Electrode microstructure for paste 7 fired at 800◦C, showing a dark reaction product (EDS shown) (b) at the interface.

by Chung and Kim.12 They found that by increasing the frit
content within a Ag electrode the densification rate could be
increased. The densification rate can also be increased by
increasing temperature (reducing glass viscosity). The vis-
cosity of a typical soda-lime-silica glass can change by a
factor of 1000 over an interval of 100◦C,13 which will have
corresponding effects on the densification rate. This is why
the temperature used for glass frit bonding should be con-
trolled stringently. Plan view analysis also showed the fritted
microstructures to be virtually free of the lath-like crystals
seen for unfritted systems (Fig. 3).

The effectiveness of other additives when incorporated in
fritted pastes was variable. The glass dissolved the Bi2O3 ad-
ditions to the extent that Bi-rich phases were rare, even for
samples fired at 700◦C. The efficiency of Bi2O3 as a bonding
additive in this form is questionable, the bonding mechanism
under these conditions is likely to be frit bonding, just by a
modified glass composition. CuO is less easily dissolved, and
is improved in effectiveness when used in tandem with the
glass frit, which is able to draw the reactive oxide to the inter-
face under certain conditions. Highly viscous glass may be
too resistant to flow to reach the interface effectively, whereas
low viscosity glass may be too fluid to draw the reactive oxide
to the interface. When fired at 800◦C a dark non-continuous
reaction product formed at the interface (Fig. 4a) and EDS
( at
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exhibited significantly higher losses at lower frequencies
(<10,000 Hz). The unfritted systems were also affected by
differences in firing temperature, with a general increase in
low frequency loss with temperature.Fig. 6a and b show
representative room temperature plots of real and imaginary
capacitance (C′ and C′′) versus frequency for pastes 4 and 8,
respectively (having been fired at each of the target tempera-
tures).Fig. 6a (paste 4) is representative of unfritted sytems
andFig. 6b (paste 8) is representative of fritted systems. The
plots show moderate variations in imaginary capacitance. The
variations occur between samples fired at specific tempera-
tures for particular pastes, primarily in unfritted systems, and
occur at frequencies below 104–105 Hz. In fritted systems
the variation in C′′ is notably less.Fig. 7a shows room tem-
perature plots of real and imaginary capacitance (C′ and C′′)
versus frequency for paste 1/900◦C, unbiased, and under dc
biasing of 5, 10 and 15 V. The biasing in each case flattens the
C′′ curve. Fig. 7b shows unbiased plots of real and imaginary
capacitance (C′ and C′′) versus frequency for paste 1/900◦C,
at room temperature and 102◦C, measured using a solartron
dielectric interface. They show an order of magnitude in-
crease in imaginary capacitance when measured at 102◦C.

4. Further discussion

in-
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Fig. 4b) revealed it to be Zr- and Cu-rich. When fired
00◦C, CuO is more prevalent in the electrode microst

ure, which may be due to the glass being too viscous to
orm this role effectively at this temperature, being desig
or use just below 800◦C.

.2. Electrical measurements

Graphs showing the dependence of dielectric loss on
uency for electrodes fired on to the substrates at 700,
nd 900◦C, are shown inFig. 5a–c, respectively, for past
–8 (labelled P1–P8). In general, the fritted samples (P

n the graphs) experienced low losses (<0.004) with
ependence of frequency, or on the temperature of fi
his contrasted sharply with the unfritted samples, w
Different composition electrolyte/insulator electrode
erfaces polarise in various ways when subjected to an el
eld.14 A key feature, apart from the metal electrode c
osition, is the constitution of the grain boundaries wi

he PZT. The properties of the PZT grain boundaries l
o the interface will be modified by migration of impuriti
ntroduced in the electrode.8 In addition further rearrang

ent of dopants, vacancies, and other impurities/defect
rise on application of an electric field. The firing temp

ures employed are above PZTs Curie temperature (<45◦C)
o the component will be depoled. Even low concentra
f impurities can have a substantial effect on the prope
lthough they may become concentrated at interfaces w

he driving forces for diffusion are higher.15
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Fig. 5. Dielectric loss dependence on frequency for model pastes 1–8 for samples fired at (a) 700◦C, (b) 800◦C, (c) 900◦C.

A significant factor in PZT production is Pb loss. Zheng et
al.16 showed that Sr2+ dopants had a destabilising effect on
the PZT, promoting PbO loss. Pb loss was a feature in each
of the unfritted systems of this study. Indeed, formation of
eutectics with PbO was a substantial feature in the microstruc-
tural development of these systems. Pb loss from PZT leaves
cation vacancies within the perovskite crystal structure some
of which are likely to be filled by Ag+ having similar ionic
radii to Pb (Ag+ 1.26Å, Pb2+ 1.20Å). Slinkina et al.8 ex-
amined diffusional penetration of Ag in PZT doped with Nb
(soft PZT) concluding that most of the Ag penetration ob-
served (after firing an Ag-coated pellet) was along PZT grain
boundaries although they did not address Pb loss and poten-
tial diffusion of Ag+ into vacant Pb2+ sites. The reported

increase in Ag content of the PZT from 500 to 750◦C could,
however have been related to Pb loss.

Pb loss will produce structural Pb2+ vacancies and pos-
sibly O2− vacancies depending on whether the Pb combines
with oxygen ejected from the material or from the atmo-
sphere. The mechanism by which dielectric loss occurs de-
pends on the way in which charge neutrality is maintained
when Pb2+ ions are lost from the PZT structure. Charge neu-
trality can be maintained in three ways. Firstly, by loss of
O2− (which combine with Pb2+ to form PbO). The presence
of oxygen ions between cations and cation vacancies (and
the energy barrier that would need to be overcome for the
two to interchange) hinders conduction through cation mi-
gration. It follows that an increase in the number of oxygen
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Fig. 6. Unbiased room temperature impedance spectroscopy measurements showing the response of C′ and C′′ with frequency for (a) paste 4 (unfritted), and
(b) paste 8 (fritted) samples. Units of C′ and C′′ are F cm−1.

vacancies, together with an increase in the number of cation
vacancies would allow increased freedom of movement of
Ag+, O2− and Pb2+ ions. Since in this study the samples had
been heated above PZTs Curie temperature, had not been re-
poled, and had been returned to room temperature at a slow
rate, it can be assumed that a low energy configuration had
been attained. However, as long as there is an increased num-
ber of Pb2+ vacancies and O2− vacancies, then there is in-
creased potential for ionic conduction. The number of O2−
ions lost from the structure may be lower than the number
of Pb2+ ions (if Ag+ diffusion occurs or ionised vacancies

F ste 1 fi
t bias, a n
d

occur). This means that there would be a requirement for
recombination with further oxygen from the atmosphere to
produce further PbO. This is energetically favourable, in air,
at the temperatures investigated. Secondly, charge neutrality
can be maintained by ionisation of vacancies left by the Pb2+.
Neglecting the effects of Ag+ diffusion, if more Pb2+ ions
are lost from the PZT structure local to the electrode than
O2− ions then vacancies on the A site can become ionised (to
promote electroneutrality), which generates holes. This phe-
nomenon is believed to be a source of the p-type conductivity
seen in PZT. Thirdly, charge neutrality can be maintained by
ig. 7. Impedance spectroscopy measurements for sample with pa
emperature measurements for unbiased, and for 5, 10 and 15 V dc
ielectric interface). Units of C′ and C′′ are F cm−1.
red at 900◦C showing the response of C′ and C′′ with frequency for (a) room
nd (b) unbiased measurements at room temperature and 102◦C (using solartro
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a change in valency of remaining structural ions (e.g. Pb2+
to Pb4+).17 Both the Pb4+ ion and the vacancy can move un-
der application of an electric field and so can contribute to
ionic conduction. The location of Pb4+ ions on a Pb2+ site
could also act as a donor impurity, which generates electrons,
reducing p-type conductivity.

Since the Pb loss generally increased low frequency di-
electric losses (increased conductivity) the first two of these
processes are the most likely. There is potential for both ionic
and hole conduction but the results of the present study do not
allow these mechanisms to be distinguished. The dielectric
loss behaviour does, however, suggest that a frequency depen-
dent polarisation process (involving holes or ions) occurs pre-
dominantly in unfritted systems, resulting in increased losses
at frequencies <10,000 Hz.

4.1. Trends in dielectric loss measurement

It is clear from the dielectric loss measurements taken of
the 8 model paste systems fired at the three different temper-
atures (Fig. 5) that the addition of the glass frit substantially
reduces the losses sustained in the lower frequency range,
and also maintains these low losses as the firing temperature
increases. To prove that these losses were real electrode ef-
fects further impedance analysis was undertaken. Much of
the room temperature derived data, specifically in the C′′ plot
( en
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4.2. Polarisation processes

In dipolar polarisation mechanism a vacancy (induced by
an aliovalent dopant or impurity) effectively rotates around
the impurity (which has an effective positive charge) as the
metal ions hop onto it. This causes rotation of the dipole and
is a source of dielectric loss at 103–106 Hz. The production
of these dipoles could increase the losses due to dipolar rota-
tion. However, these losses tend to peak at higher frequencies
than those seen in this study. A second mechanism: interfa-
cial polarisation, where charges (electrons or ions) pile up at
intercrystalline boundaries, is relatively slow, usually taking
place at frequencies <∼1Hz, but having some influence at up
to 104 Hz. The explanation that fits best with the electrical
data (Figs. 5–7) is that of interfacial polarisation consistent
with greater levels of Pb2+ and oxygen vacancies which leads
to enhanced Ag+ and Pb2+ movement, or increased ionised
vacancy (and hole) generation. This effect is similar to the dc
conduction source of dielectric loss, the movement of charge
carriers on application of an electric field, but with a barrier
that will only allow carriers to travel a limited distance. As
the field is reversed the charge carriers move in the opposite
direction and the cycle begins again.

The dc biasing experiments undertaken (Fig. 7a) flattened
the C′′ response of the sample, effectively reducing C′′ below
104–105 Hz indicating a reduction in dielectric loss. The use
o l po-
l awn
t pli-
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m t the
d

that
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P ssure
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i ntra-
t it-
t lec-
t e in-
t the
e

ctri-
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i mbi-
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c rop-
e grade
o with
t ing
versus frequency,Fig. 6), mirrored the general trends se
n dielectric loss. For unfritted systems there was a tren
′′ to increase with electrode firing temperature at freq
ies below 104–105 Hz. For fritted systems the response
′′ is flatter across the lower frequency range, and is also
ffected by firing temperature. These are both similar to

rends seen for dielectric loss measured with an LCR m
Fig. 5).

dc biasing was used to further investigate the perform
f paste 1/900◦C. Biasing in each case (Fig. 7a) flattened

he C′′ response effectively reducing C′′ below 104–105 Hz.
his could be the result of a reduction in losses. Meas
ents taken at 102◦C for paste 1/900◦C show that at highe

requencies bulk processes dominate but that at lowe
uencies there are electrode effects (Fig. 7b) with signifi-
ant increases in C′′ when compared to measurements ta
t room temperature. This indicates that the low frequ
ffects measured using the LCR meter to determine di

ric losses are actual electrode effects. The dielectric lo
n unfritted systems were significantly higher at lower
uencies (<10,000 Hz) than those seen for fritted syst

n addition, as the firing temperature of the system wa
reased, there was a corresponding increase in lowe
uency (<10,000 Hz) losses. In general, therefore, it ap

hat the loss mechanism is most effective at the lowes
uencies, becoming gradually less effective as the frequ
f oscillation is increased, until a value of∼10,000 Hz wher

t no longer has time to occur before the polarity is reve
gain. Increasing the electrode firing temperature also
ears to facilitate further losses.
f dc biasing reduces the losses attributable to interfacia
arisation, since the mobile charge carriers would be dr
o, and held at, the boundary by the dc field. The low am
ude ac field would then have little impact in moving th
obile charge carriers away from the boundary agains
c field.

The microstructural and electrical evidence suggests
he presence of the glass frit in the electrode paste re
b-loss. Potential reasons for this are: the vapour pre
f the glass frit (in particular the PbO within it) is high

han that of the PZT so hindering Pb loss from the P
n a PbO-rich atmosphere; the presence of glass frit in
g electrode affects the concentration gradient of Pb/
t the interface and throughout the bulk electrode; a
imple physical sealing effect of the glass. The differe
n Pb concentration profile will affect the diffusion kin
cs at the interface. Ficks laws indicate that a conce
ion gradient is a driving force for diffusion. In the unfr
ed systems, since there is initially no Pb within the e
rode, there will be a large concentration gradient at th
erface which will be a driving force for Pb to diffuse into
lectrode.

The combination of microstructural analysis and ele
al measurements has detailed the individual effects o

norganic additives used, and their performance in co
ation. The most significant additive is the glass frit wh
ontrols conditions at the interface governing electrical p
rties so that measured values were as expected for this
f PZT. When other additives are used in combination

he glass frit they tend to dissolve in it, effectively produc



L.J. Ecclestone et al. / Journal of the European Ceramic Society 25 (2005) 1647–1655 1655

a frit with modified properties. This study suggests that for
this application (Ag on PZT), reactive and fluxing additives
(CuO and Bi2O3) are not required for good bonding and
electrical performance. However, the CuO and Bi2O3 within
the electrode composition are not expensive, and there is no
evidence that they are detrimental to properties. Therefore
there is little incentive to change the compositions of com-
mercial systems. The unfritted electrodes used in this study
produced lossy systems. In general, the higher the firing tem-
perature, the more lossy the unfritted systems becomes. This,
it is believed, is due primarily to PbO loss, which is only
significant in PbO-containing ceramics. Furthermore, the in-
creased losses within the unfritted systems always occurred
at lower frequencies, which are not important for microwave
dielectrics operated at higher frequencies.

5. Conclusions

• Inorganic additives are required for good adhesion, since
delamination and cracking occurs in their absence for elec-
trodes fired≤800◦C.

• PbO loss is a significant phenomenon in the model elec-
trode pastes studied and is the primary reason for property
change. PbO is also the component from the substrate with
which most of the electrode constituents interact to form

play
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