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Abstract

The grain boundary phase of a lead-based relaxor was
identified by Raman scaitering spectroscopy using
standard specimens including PbO, PbO,, and Pb;0,,
as well as standard specimens synthesized from the
compositions of the grain boundary phase analyzed
by a scanning transmission electron microscope. It
was revealed that the grain boundary phase contains
the PbO phase along with the main perovskite phase
in addition to the pyrochlore phase. This result agrees
well with the results of X-ray photoelectron spec-
troscopy studies and strongly supports a previously
described degradation mechanism for insulation resis-
tance under humid loading conditions: dissolution of
PbO in the grain boundary phase into water is the
trigger phenomenon leading to degradation. Copy-
right © 1996 Elsevier Science Ltd

1 Introduction

Lead-based dielectrics called relaxors are solid solu-
tions of perovskite compounds such as Pb(Mg, ;-
Nb,;3)0s, Pb(Zn,;3Nb,;3)0;, and Pb(Fe,;Nb,,)O;.
Yonezawa' developed the dielectric ceramics
Pb(Fe,-W,;;)O;-Pb(Fe,,Nb,,)O; and first used
them as a dielectric in MLCs (Multilayer Ceramic
Capacitors). Since then, many dielectric compounds
for use in MLCs have been reported.”* The interest
in relaxors results from their great potential, since
they are high dielectric constant materials with sinter-
ing temperatures below 1100°C. Such low sintering
temperatures allow the use of inexpensive internal
electrodes, such as Ag/Pd mixtures or alloy, in the
MLC production process.

A previous report by the authors’ revealed that
the reliability of a relaxor under humid loading
conditions is a function of the nonstoichiometry of
A/B, which is the molar ratio of all the elements

1157

at A-sites in the ABO; perovskite structure to
those at B-sites.>® When A/B is equal to or greater
than 1-00, a 2-3 nm-thick secondary phase exists
at grain boundaries. Assuming that this secondary
phase is soluble in water, the grain boundaries can
then dissolve into water. The result is a silver metal
path formed by the migration of silver through
the partially water-filled grain boundaries from
the anode side to the cathode side. Ultimately, the
resistance of the dielectric material falls. It has
generally been accepted that there exists a continuous
or semi-continuous amorphous grain boundary
phase (approximately 5-10 nm thick) comprising
primarily PbO.”® However, it had not been con-
firmed that the grain boundary phase is PbO.
Therefore, the authors made a successful attempt to
identify the lead-based grain boundary phase using
X-ray photoelectron spectroscopy (XPS); the grain
boundary phase was found to consist mainly of
PbO and PbO,. In this paper, identification of the
grain boundary phase is attempted using Raman
Scattering Spectroscopy (RSS) as a means of
confirming the results of the XPS study. The final
objective of successive attempts to identify the
grain boundary phase of a lead-based relaxor is to
explain why the grain boundary phase is the deter-
minant of reliability.

2 Experimental Procedure

The composition of the relaxor dielectric ceramic
used in this experiment was [(Pbggr5Bag. as)]a
(Mg, ;3NDby3)o s(Zn;3Nby3)03Tig ,]sO3, where the total
molar number of elements occupying the A- and
B-sites in the perovskite structure are denoted by
A and B, respectively. The temperature coefficient
of dielectric constant (K) for this relaxor satisfies
the YS5U designation of the Electronic Industries
Associations (EIA) standard.'® In order to ensure
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the presence of intergranular fractures — and thus
the formation of a grain boundary phase — speci-
mens with A/B = 0-95, 1-00, and 1-05 were prepared.
Specimens without a grain boundary phase (A/B
= 0:95) exhibiting a transgranular fracture were also
produced for comparison.

The raw materials used throughout this experi-
ment were reagent-grade oxides and carbonates.
The constituents were weighed, mixed by ball-
milling with pure water for 24 hours, and then cal-
cined in a closed alumina crucible at 800°C for
two hours. After ball-milling the calcined powder
with pure water and drying it, 7 wt% of an aque-
ous solution of 5 wt% polyvinyl alcohol was
added. The result was granulated and pressed into
disk pellets 10 mm in diameter and 15 mm in
height at 100 MPa. After binder burnout at 600°C
for 10 minutes, the pellets were fired for two hours
in a closed magnesia crucible, at 1050°C for A/B
= 1-05, and at 1100°C for A/B = 0-95 and 1-00 to
obtain dense specimens. An optimum firing tem-
perature was selected to obtain maximum density.

The valence of lead in the grain boundary
phases was determined by Raman scattering spec-
troscopy (Jobin Yvon - Atagobussan T64000,
Longjumeau, France). Spectra activated by an
argon ion laser (5145 nm) were measured
between 100 and 1200 cm™'. The beam diameter
was | um. The fired specimens were cracked open
to obtain the 1-2 nm-thick grain boundary phase
on the fractured surfaces of A/B = 1-00 and 1-05.
Because specimens with A/B = 0-95 break right
through the grains, the Raman spectra reflect the
internal state of the grains. After being cracked
open, specimens were transferred to the specimen
holder of a Raman spectroscope, and spectra from
the grain boundary phase were measured. Standard
specimens used for identification of Raman spectra
were PbO (99-99%, High Purity Chemicals Lab.,
Ltd), PbO, (99-9%, High Purity Chemicals Lab., Ltd),
and Pb;O, (99-99%, High Purity Chemicals Lab.,
Ltd). In addition, the composition of two locations
in the grain boundaries of specimens with A/B =
1-05 was analyzed by a scanning transmission elec-
tron microscope (STEM) (Table 1). Specimens with
these compositions (GB#1 and GB#2) were synthe-

Table 1. Composition of the grain boundary phase, analyzed by
STEM, in specimen with A/B = 1.05 fired at 1050°C for 2 h

Grain boundary phase

Inside of

Component GB#1 GB#2 grains
PbO 70-4 66-5 61-7

BaO 402 491 5-08
Nb,O; 16-6 19-4 21-73
ZnO. 2-16 2:15 2:29
MgO 2:33 223 3-10
TiO, 4-44 4-88 6-06

sized in the same manner as described above.
GB#1 and GB#?2 were sintered at 1000°C, 1050°C,
and 1100°C for two hours for identification of
Raman spectra from the grain boundary phase.

3 Results and Discussion

3.1 Identification of the grain boundary phase by RSS
Figure 1 shows Raman spectra from the fractured
surfaces of specimens with A/B = 0-95, 1-00, and
1-05. Spectra for each specimen consist of six
peaks and they are very similar to each other, with
the following features: a small peak at 130 cm™
for the specimen with A/B = 0-95, but a broad
peak at 139-8 cm™! for specimens with A/B = 1-00
and 1-05 containing the grain boundary phase; the
peak at 2682 cm™ for A/B = 1-00 and 1-05 is
shifted toward low wave number, as compared
with that for the specimen with A/B = 0-95. Since
there is little difference in spectra from the grain
boundary phase and within the grain, we speculate
that either the grain boundary phase is similar to
the perovskite phase inside the grain or signals
from the 1-2 nm-thick grain boundary phase on
the grain surfaces were diluted by signals from
within the grain due to the Ar laser penetrating
further than a few hundred nanometers.

Because STEM analysis has clarified that lead is
the main component of the grain boundary
phase,®!" we investigated whether lead mono-oxide
exists in the grain boundary phase by comparison
with Raman spectra of standard specimens of
PbO, PbO,, and Pb;0,. As shown in Fig. 2, the spec-
trum of PbO at 1407 cm™ corresponds to the
broad spectrum at 139-8 cm™' for A/B = 1-00 and
1-05, even though the peaks present at smaller
wave numbers for PbO, and Pb;0, do not corre-
spond. In addition, the peak at 268-2 cm™ for A/B
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Fig. 1. Raman spectra from fractured surfaces of specimens
with (A/B = 100 and 1-05) and without (A/B = 0:95) the
grain boundary phase as well as reference specimens.
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Fig. 2. Detailed view of the low wave number portion of Fig. 1
with an enlarged scale on the horizontal axis.

= 1-05 is broad on the high wave number side,
compared to the peak at 276:4 cm™'. Since there is
a peak at 286-6 cm™' in the spectrum of the stan-
dard specimen of PbO, the spectra for A/B = 1-05
should be convoluted by the interaction of the
spectra for the unknown phase and the PbO phase.
Moreover, the reason for the slightly broadened
peak at 849 cm™' for A/B = 1-00 and 1-05 with
the grain boundary phase is probably interaction
with the spectrum for PbO. Therefore, PbO is not
the main constituent of the grain boundary phase,
even though the grain boundary phase consists of
PbO and an unknown other phase.

In order to identify the grain boundary phase in
more detail, grain boundary phases GB#1 and
GB#2 were synthesized using the compositions
determined by STEM analysis of the grain bound-
ary in the fired specimen with A/B = 1-05. As shown
in Fig.3, X-ray diffraction peaks due to the PbO
phase, the perovskite phase, and the pyrochlore
phase were present in GB#1 and GB#2 fired at
1050°C for two hours. These peaks did not corre-
spond to those for PbO, and Pb;O,. Since GB#1
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Fig. 3. Powder X-ray diffraction patterns of GB#! and

GB#2 fired at 1050°C for 2 h: GB#1 and GB#2 mainly com-

prise the perovskite phase in addition to the PbO phase and
the pyrochlore phase.

and GB#2 have the compositions given below, the
PbO phase and the perovskite phase are expected
to be formed in the sintered material.

GB#1:

80 mol%(Pbg.yBay. ) [(Mg;3Nby3)0.44(Z1y3Nby3)0.33
Ti.,3]O; + 16 mol% PbO + 4 mol% MgO

or

80 mol%o(PbygsBag, ) [(Mg;3Nby3)0.71(Zn3Nby3)0.06
Tiy,;3]0; + 16 mol% PbO + 4 mol% ZnO

GB#2:

91 mol%e(PbggoBay. )[(Mg;3Nby3)g.s(Zn,,;Nbys)00
Tiy4,]O; + 8 mol% PbO + 1 mol% MgO

or

91 mol”o(Pby.gBag)[(Mg;3Nby;3)g.56(Zn,3Nby3)0.10
Tiy2]O; + 8 mol% PbO + 1 mol% MgO

Raman spectra for GB#1 and GB#2 were mea-
sured, as shown in Figs 4 and 5. These spectra are
very similar to those for A/B = 1-00 and 1-05 with
the grain boundary phase. Three sharp peaks appear
at 84-9, 140-7, and 286-6, and these correspond to
the peaks for PbO. In addition, since GB#! and
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Fig. 4. Raman spectra from fractured surfaces of specimens
(GB#!1 and GB#2) fired at 1050°C for 2 h.
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Fig. 5. Detailed view of the low wave number portion of Fig. 4
with an enlarged scale on the horizontal axis.
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GB#2 comprise the PbO phase, the perovskite
phase, and the pyrochlore phase according to the
X-ray diffraction analysis, the remaining broad peaks
reflect the perovskite phase and the pyrochlore phase.
In Figs 4 and 5, spectra indicating the perovskite
phase and the pyrochlore phase in GB#!1 and
GB#2 correspond to broad spectra for A/B = 1-00
and 1-05 with the grain boundary phase. This con-
firms that the unknown phases in the grain boundary
are the perovskite phase and the pyrochlore phase.

The peak at 268-2 cm™' for A/B = 1-00 and 1-05
with the grain boundary phase is present at slightly
lower wave number than that for A/B = 0-95 with-
out the grain boundary phase. In A/B = 0-95, oxy-
gen vacancies may be created to compensate for
defects at the A-site in the perovskite, causing
binding length shortening. As a result, the wave
number increases. In specimens with A/B less than
1.00, the deficiency at the A-site is compensated
for the formation of the pyrochlore phase. This
result indicates the existence of defects at the A-site
in the perovskite structure as well as the formation
of the pyrochlore. One reason for peaks for the
perovskite phase being broader than those for the
PbO phase is that the perovskite phase consists
of multiple components, resulting in the existence
of multi-vibrational modes. This is in addition to
the mixing of the pyrochlore phase into the per-
ovskite phase.

We conclude that the grain boundary phase
comprises the PbO phase, the perovskite phase,
and the pyrochlore phase. This conclusion strongly
supports the degradation mechanism previously
presented by the authors.® According to this mech-
anism, the grain boundary phase first dissolves
into water and then the grain boundaries fill with
water. This leads to Ag migration from the Ag
electrode. Thus, PbO peaks in GB#1 would be
lower for GB#! held in water. Change in PbO
peaks fractured surfaces of GB#1 fired at 1050°C
was investigated by RSS after keeping the frac-
tured specimens in hot water at 85°C for various
times. As shown in Fig. 6, the main peak at 140-7
cm™! for PbO started to decrease after 20 hours,
and then the peak completely disappeared after 50
hours. A small peak can still be seen after 140
hours, maybe due to distribution of thickness of
the grain boundary phase. Thus, it is confirmed
that PbO in the grain boundary phase can dissolve
in water, suggesting justification of our degrada-
tion mechanism for insulation resistance.

3.2 Electrical properties of the grain boundary
phase

Figure 7 shows the temperature dependence of the
dielectric constant of GB#1. The maximum dielec-
tric constant is 5000 for 1000°C firing and 6500
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Fig. 6. Raman spectra from fractured surfaces of GB#l
treated in hot water at 85°C for various times.
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Fig. 7. Dielectric constant and dissipation factor of GB#1 at
1 kHz as a function of temperature.

for 1100°C firing. A previous study reports that
there is a PbO-rich grain boundary phase with a
dielectric constant of 26.'' If a grain boundary
phase with the low dielectric constant of 26 is pre-
sent, the decrease in dielectric constant of the bulk
specimen would be given as follows, according to the
series model:'? (2 nm-diameter grain with dielectric
constant of 12 500)-(2 nm-thick grain boundary
phase)-(2 nm diameter grain with dielectric con-
stant of 12 500)

CICy = kod/(Kod, + K,dy)

where K| is the dielectric constant (12 500) of the
grain, d, is the grain diameter (2 pum), K, is the
dielectric constant (26) of the grain boundary phase,
and d, is the thickness (2 nm) of the grain boundary
phase. This equation tells us that the dielectric con-
stant decreases by 33% if the dielectric constant of
the grain boundary phase is 26, and 0-4% for 6000.
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Table 2. Electrical properties of GB#1

Firing temperature (°C)

1,000 1,050 1,100
25°C 125°C 25°C 125°C 25°C 125°C
C[nF] 7-634 3-961 7-867 4-348 9-033 5-034
DF[%) 0-86 0-27 0-68 0-33 0-85 0-50
IR[£2] 042 X 10° 0-42 X 10° 028 x 10° 027 X 10° 027 x 10° 027 x 10°
CR[0F] 320 170 190 120 360 210
In a previous study,'? we reported that the dielectric Acknowledgement

constant when A/B > 1-01 did not greatly decrease
in spite of the existence of the grain boundary
phase. This is how we conclude that the main
component of the grain boundary phase is not
PbO nor the pyrochlore phase with a low dielec-
tric constant, but rather the perovskite phase. This
conclusion supports the results of grain boundary
phase identification by Raman scattering spec-
troscopy. Table 2 shows the product of capacitance
and resistance (CR) after 1 min at 25°C and 125°C.
Independent of firing temperatures CR values at
25°C were 200-400 [2F] and at 125°C were
100-200 [£2F]. These values are considerably lower
than those for bulk specimens;’ that is, they are
much less than 10000 [£2F] at 25°C and 125°C. If
the grain boundary phase is continuously present,
the total resistance of bulk specimens should
suffer from the effect of the low-resistance grain
boundary phase. However, this was not the case.
Since the CR value is greater than 10 000 [QF]
both at 25°C and 125°C,’ this result suggests that
the grain boundary phase is not present continu-
ously in the grain boundaries.

4 Conclusions

It has been clarified that the grain boundary phase
of a relaxor dielectric ceramic contains the PbO
phase along with the main perovskite phase in
addition to the pyrochlore phase. This conclusion
strongly supports our degradation model for insu-
lation resistance under humid loading conditions;®
the insulation resistance degradation in relaxor
dielectric ceramics with A/B > 1.00 under humid
loading conditions is attributed to dissolution
of PbO in the grain boundary phase into water. In
addition, the reason for the dielectric constant
of specimens with A/B > 1.00 and the grain
boundary phase not falling decrease greatly was
also elucidated.

We would like to thank Mr M. Osada of Tokyo
Institute of Technology for carrying out Raman
scattering spectrum measurements.
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