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Effects of B203 and Si02 on dielectric properties 
and reliability of a lead-based relaxor dielectric 
ceramic 
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The effects of B203 and SiO2 which are major constituents of vitreous low-firing agents on 
the dieleCtric properties and reliability of ceramic dielectrics were elucidated for the case of 
the lead-based relaxor dielectric ceramic [(Pbo.875Bao.125)][Mg1/3Nb2/3)o.5(Zn1/3Nb2/a)o.3Tio.2]03. 
Boron oxide (B203) led to a decrease in dielectric constant and degraded reliability under 
a humidity load condition at 85~ and 95% RH. Although SiO2 also caused a decrease in 
dielectric constant, it did not result in a reliability degradation. Analysis of the microstructure 
using TEM and STEM revealed that a water-soluble secondary phase consisting of B203 and 
PbO was present at the grain boundaries and triple points in specimens with added B203. In 
contrast, no secondary phase existed in SiO2-doped specimens, but Si segregated at the 
grain boundaries. The existence of a water-soluble grain boundary phase was shown to 
degrade lifetime under humidity load conditions. 

1. Introduction 
Electronic components have been reduced in size as 
miniaturization has become the trend in electronic 
appliances. Among the miniaturized components 
playing a role in this trend, multilayer ceramic capaci- 
tors (MLCs) are typical examples; an MLC offers high 
capacitance in a small volume, as well as excellent 
lifetime performance. Conventionally, BaTiO3-based 
dielectrics have been used in MLCs. Since the sinter- 
ing temperature must be higher than 1300 ~ for such 
dielectrics, an expensive noble metal such as Pd has to 
be used for the electrodes. The inner electrodes ac- 
count for approximately 60% of the total cost of such 
MLCs. For this reason, it has become commercially 
important to lower the sintering temperature in MLC 
production, thus allowing an inexpensive Ag/Pd sys- 
tem to be used instead. Recently, base metal systems 
such as Ni 1,1-4] and Cu [5] have been proposed as 
a replacement for Ag/Pd systems. However, if such 
base metal systems are used, the MLCs have to be 
fired in a reducing environment and at low temper- 
ature to suppress electrode oxidation. Therefore, using 
an Ag/Pd system for the internal electrodes is more 
practical in actual production. Of the several ways to 
achieve lower sintering temperatures, the use of glass 
to promote liquid-phase sintering is typical. Boron 
oxide [6, 7] and CuO 1,8] have been employed to 
lower the sintering temperature of BaTiO3 and other 
dielectrics. Castellize et al. [7] found that the addition 
of up to 20 mol % of B203 is effective in the case of 

BaTiO3, lowering the sintering temperature and im- 
proving the mechanical properties and insulation res- 
istance. It does, however, lower the dielectric Constant. 
SiO2 is also a popular constituent of glass. The effects 
of SiOz on dielectric properties and reliability have 
not yet been reported, however. 

Recently PbO-based dielectrics called relaxors have 
been attracting attention because of their relatively 
low sintering temperatures and large dielectric con- 
stants. Relaxors are solid solutions of perovskite com- 
pounds such as Pb(Mgl/3Nbz/3) 03 ,  Pb(Znl/3Nb2/3)O3, 
and Pb(FemNbl/2)O 3. Yonezawa first developed these 
compounds and applied them as dielectrics in MLCs 
I-9]. Since then, many dielectric compounds have been 
reported for use in MLCs [10-13]. One of the greatest 
advantages of using relaxors in MLC production is 
that inexpensive Ag/Pd inner electrodes can be utiliz- 
ed [-8, 9]. However, there is a possibility of Ag migra- 
tion into the dielectric layers of the MLC. This would 
lead to degradation of the insulation between dielec- 
tric layers, and could pose a very serious problem 
when the dielectric layer is reduced in thickness, such 
as to 6 gm. It is therefore necessary to suppress Ag 
migration by reducing the sintering temperatures. As 
practiced in BaTiO3-based MLC production, the ad- 
dition of glass to dielectrics offers a practical means of 
lowering sintering temperature. However, the effects 
of SiO2 and B203, the main components of the glass, 
on the dielectric properties and reliability of a relaxor 
have not been clarified. This paper looks into the 
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effects of B 2 0  3 and SiO2 on the dielectric properties 
and reliability of a relaxor. 

2. Experimental details 
2.1. Spec imen  preparation 
The reference composition used in this experiment 
was the following: 

[(Pbo. ~ 75Bao. 12 s)] [(Mgl/3Nbz/3)o. s(Zn 1/3Nb2/3)0.3- 
Tio .2 ]O3  �9 

The temperature coefficient of its dielectric constant 
(K) satisfies the Y5U designation of the EIA standard 
[14]. Additives to the reference composition were 
B20 3 and SiO2. The amounts of addition were 100, 
500, and 2000 p.p.m. Raw materials used throughout 
this experiment were reagent grade PbO, BaCO3, 
MgCO3, Nb2Os, ZnO, and TiO2. Constituents were 
weighed, mixed in a ball-mill with water for 24 h, and 
then calcined in a closed alumina crucible at 800 ~ for 
2 h. After the calcined powder was ball-milled with 
pure water and dried, 7 wt % of an aqueous solution 
containing 5 wt % of polyvinyl alcohol was added. 
The powder was granulated and pressed into 17 mm 
diameter, 1.5 mm thick disc pellets under 100 MPa of 
pressure. After binder burnout at 600 ~ for 10 rain, 
the pellets were fired at 1,050 ~ for 2 h in a closed 
magnesia crucible. 

2.2. Evaluation of dielectric 
After firing, the density of the sintered material was 
measured by either the Archimedes method or by 
taking the dimensions. Grain size was measured by 
the intercept method on micrographs taken with 
a scanning electron microscope (SEM, Jeol T-20). 
Then, after polishing the disc specimens down to ap- 
proximately 1 mm in thickness, electrodes 12 mm in 
diameter were formed on both faces using Ag paste. 
These printed electrodes were fired at 700 ~ Dielec- 
tric properties were measured using an LF impedance 
analyser (YHP 4192A) at 1 Vrms and 1 kHz. Resistivity 
was measured by applying 100 V to the specimens for 
one minute at room temperature and at 125 ~ The 
phases formed were identified using the powder X-ray 
method with CuK~ radiation, and the perovskite con- 
tent was calculated using the following equation: 

100 • Ipero.(110) 
Perovskite content (%) = Ipero.(110) + Ipyro.(222) 

where Ip ....  (1 1 0) and Ipyro. (2 22) are, respectively, 
the intensities of the perovskite (1 10) reflection and 
the pyrochlore (2 2 2) reflection as determined through 
X-ray diffraction. 

To carry out the reliability evaluation, fired disc 
specimens were polished down to 0.2 mm in thickness 
and Ag was evaporated on to both faces of the discs 
to form 10 mm diameter electrodes. Life test under 
a humidity load condition was conducted on these 
disc specimens at 85 ~ and 95% RH with an applied 
700 d.c. voltage (which is approximately three times 
the rated voltage of an MLC). 
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The microstructure of specimens not subjected to 
humidity load condition was observed using a trans- 
mission electron microscope (TEM, Jeol 4000FX; 
Tokyo; Japan). 

3. Results 
3.1. Charac ter iza t ion  of  s in te red  spec imens  
Density was measured as a function of the additives. 
The density of the reference composition without 
additives was 7.64gcm -3, and this increased to 
7.82 gem -3 with the addition of up to 500 p.p.m, of 
B203. There was then a slight decrease upon the 
addition of 2000 p.p.m, orB2�9 as shown in Fig. 1. In 
contrast, the density of SiOz-doped specimens 
decreased slightly. 

The grain size in the reference specimen fired at 
1050 ~ fox" 2 h was 2.0 ~tm, as shown in Fig. 1. The 
addition of B 2 0  3 up to 500 p.p.m, caused a slight 
increase in grain size, but when 2000 p.p.m, was added 
it decreased. The grain size decreased with rising 
SiOz concentration, reaching 1.5 gm upon addition of 
2000 p.p.m. 'of SiO2. 

It was noticed that the fracture mode varied with 
the type and quantity of additive. Fig. 2 shows how 
the ratio of transgranular area to total fracture area 
depends on the additive. In the reference specimen, 
85% of the fracture surface was transgranular, while 
the specimen failed completely within the grains upon 
the addition of 500 p.p.m, of B~O3; that is, the fracture 
mode was 100% transgranular. In contrast, the addi- 
tion of SiO2 caused a change in fracture mode from 
transgranular to intergranular. 
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Figure 1 Effect of BzO3 and SiOz on density and grain size of 
specimens fired at 1050 ~ for 2 h. Key: �9 O B203; o - -e  SiOz. 
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Figure 2 Effect of B203 and SiO 2 on the 'ratio of t ransgranular  
fracture area to total fracture area of specimens fired at 1050 ~ for 
2 h. Key: �9 ... (2) B203; e - - o  SiO2. 
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Figure 3 Effect of BzO3 and SiO2 on the temperature coefficient of 
dielectric constant  and dissipation factor. Key: - - e - -  Reference; 

. . . .  2000 p.p.m. B203; - -  2000 p.p.m. SiO2. 

3.2. Dielectric properties 
Fig. 3 gives curves of the temperature coefficient of 
dielectric constant. Although the maximum dielectric 
constant, K . . . .  for the reference specimens was 12 100, 
it decreased with increasing concentration of B203 
and SiO2. Km~ was 9800 and 8800, for B203 and 
SiO2, respectively, at a concentration of 2000 p.p.m. 
This is shown in Fig. 4. 

The dependence of Curie temperature (T~) on addi- 
tive is shown in Fig. 4. The Curie temperature of the 
reference specimen was 5 ~ However, T, increased to 
10 ~ with the addition of 2000 p.p.m, of SiO2, while it 
did not change at all with the addition of B203. 

3.3. Lifet ime u n d e r  a h u m i d i t y  load 
c o n d i t i o n  

The lifetime of specimens was measured under condi- 
tions of humidity loading. Fig. 5 shows the failure rate 
of 2000 p.p.m. B=O3-doped specimens and 2000 p.p.m. 
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Figure 4 Effect of BzO3 and SiO2 on max imum dielectric constant,  
K . . . .  and Curie temperature, To. Key: � 9  O. B203; e-----o SiO2. 
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Figure 5 Effect of BzO3 and SiO2 on failure rate after 500 h of 
humidity load test at 85 ~ and 95% RH with 700 V d.c. voltage 
(electrode diameter: 10 ram; specimen thickness: 300 ~tm). 

SiOz-doped specimens. Although all the specimens 
doped with 2000p.p.m. of B 2 0  3 degraded within 
500 h, 2000 p.p.m. SiO2-doped specimens and the ref- 
erence specimens showed no degradation whatsoever. 

4.  D i s c u s s i o n  
4.1�9 M i c r o s t r u c t u r e  a n a l y s i s  
Transmission electron microscope (TEM) obser- 
vations and scanning transmission electron micro- 
scope (STEM) analysis were used to elucidate the 
respective roles of B 2 0  3 and SiO2 in determining 
dielectric characteristics and reliability. Fig. 6 shows 
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Figure 6 TEM micrographs of the reference specimen (a), B203-doped specimen (b), and the SiOz-doped specimen (c). 

TEM micrographs of specimens doped with these 
additives at the 2000 p.p.m, level. A secondary phase 
can be seen at the triple points and grain boundaries 
in the BzO3-doped specimen, while no secondary 
phase exists in the reference specimen. STEM analysis 
indicated large Pb signals in the secondary phase. 
However, no boron signal can be seen in the energy 
dispersive spectroscopy (EDS) spectra; this may be 
due to the poor sensitivity of EDS on STEM to trace 
amounts of light elements. The ionic radius of 
B 3 + with a coordination number of 6 is 0.027 nm [15], 
making it too small to enter a B-site in the perovskite 
structure. As a consequence, boron probably 
segregates at the triple points and grain boundaries to 
form a secondary phase consisting of PbO-B203. 

A TEM micrograph of an Si-doped specimen re- 
vealed the same microstructure as that of the reference 
specimen; no secondary phase was present at the triple 
points or grain boundaries. Silicon was detected at the 
triple points and grain boundaries. 

4.2. Role of B203 
As shown in Fig. 1, the density of the specimens in- 
creased from the  reference level with the addition 
of BzO3. Fig. 6 shows the secondary phase, which 
probably consists of B203-PbO. This phase might 
produce a liquid phase with a lower melting point, 
since the B203-PbO system can generate eutectic 
mixtures with melting points below 770 ~ [16]. Thus, 
the density of BzO3-doped specimens increased. 
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The maximum dielectric constant of B203-doped 
specimens was lower. There are two factors which 
affect Km,x. One is the secondary phase formed at the 
grain boundaries. If the secondary phase, comprising 
PbO-B/O3, has a low dielectric constant (K), Km,x 
for bulk specimens will be much lower because a sec- 
ondary phase with a low K value is present between 
the grains. 

The second factor is the presence of a pyrochlore 
phase. Fig. 7 shows powder X-ray diffraction patterns 
for the reference and 2000 p.p.m. B203- and SiO2- 
doped specimens fired at 1050 ~ for 2 h. Although the 
reference specimen indicates a 100% perovskite phase, 
analysis of the B203-doped specimen reveals a 4% 
pyrochlore phase. Since PbO is consumed in the 
formation of the secondary phase at the triple points 
and grain boundaries, the matrix composition cha- 
nges from stoichiometric to PbO-deficient. As a result, 
the molar ratio of all elements at A sites in the perov- 
skite structure to those at B sites, known as A/B, falls 
below 1.00, and the pyrochlore phase is formed. 

It is well known that the dielectric constant de- 
creases with falling grain size. However, increasing the 
amount of B203 to 500 p.p.m, caused a decrease in 
Kmax by 4% although there was no change in grain 
size. In addition, adding 2000 p.p.m, caused a great 
decrease (21%), even though the grain size decreased 
slightly. The decrease in K~,x can therefore be mainly 
attributed to these two factors. 

The fracture mode of the 2000 p.p.m. B203-doped 
specimen is 100% transgranular. This indicates that 
mechanically strong bonds form between the grains 
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Figure 7 Powder X-ray diffraction patterns for the reference specimen, B203-doped specimen, and the SiO/-doped specimen fired at 1050 ~ 

for 2h.  

due to the formation of the B/O3-PbO grain bound- 
ary phase. However, this grain boundary phase is very 
vulnerable to humid conditions, since PbO and B203 
are slightly soluble in water [17]. When compared 
with the reference specimen, BzO3-doped specimens 
suffered rapid degradation via the degradation mecha- 
nism proposed earlier by the authors [18]. 

4.3. Role of SiO2 
A small amount of Si was detected at triple points and 
grain boundaries. The ionic radius of Si 4 +, which has 
a coordination number of 6, is 0.04 nm [15]. Taking 
this into account, there are two possibilities: either Si 
enters B sites in the perovskite structure, or some of 
the Si segregates at the grain boundaries. As shown 
in Fig. 4, Tc increased by 5 ~ with the addition of 
2000 p.p.m, of SiOz, indicating that dissolution of Si 
into B sites in the perovskite structure takes place. 
The resulting fall in A/B to less than 1.00 causes 
the pyrochlore phase to be formed, as shown in Fig. 7. 
The grain size in SiO2-doped specimens is smaller 
than that in the reference specimen. The segregation of 
SiO2 at the grain boundaries prevents grain growth, 
and also alters the fracture mode from transgranular 
to intergranular. When compared with B203-doped 
specimens, the decrease in Kmax is more significant. 
Therefore, three factors mentioned above, segregation 
of Si at grain boundaries, formation of pyrochlore 
phase, and small grain size, may be responsible for the 
decrease in Kmax in Fig. 4. 

Under humidity load conditions, the presence 
of a water-soluble secondary phase or segregated ma- 
terial at the grain boundaries degrades the lifetime of 
dielectrics [18]. The reason for the excellent life- 

time performance of SiO2-doped specimens under hu- 
midity loading is that the SiO2 which segregates at the 
grain boundaries is insoluble in water. 

5. Conclusion 
The effects of using B203 and S i O  2 as  the major 
constituents of vitreous low-firing agents were investi- 
gated as a function of dielectric properties and reliabil- 
ity. As regards the use of lead-based relaxor dielectric 
ceramics in MLCs, it is concluded that in using glass 
as an additive, it should contain a minimum of B 2 0 3  

so as to prevent reliability degradation under humid- 
ity load conditions as well as to ensure that the dielec- 
tric constant is not reduced. Since SiO/ causes a 
decrease in dielectric constant, addition of glass con- 
taining SiO2 should be avoided when attempting to 
lower the firing temperature. 
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