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Abstract

The effects of substitution of (Zn;3Nby3) for Ti on the sintering behavior and microwave dielectric properties of Ba3Tis—,(Zn;;3Nbys3),NbsOsy
(0 <x<4) ceramics have been investigated. The dielectric constant (¢,) and the temperature coefficient of the resonant frequency (t;) of
Ba;Tiy—(Zn;3Nby/3),NbsO,; ceramics decreased with increasing x. However, the Q X f values enhanced with the substitution of (Zn;;Nby/3)
for Ti. It was found that a small amount of MnCO3;—CuO (MC) and ZnO-B,0;-SiO, (ZBS) glass additives to Ba; Tis—,(Zn,3Nby/3).NbsO,; (x=2)
ceramics lowered the sintering temperature from 1250 to 900 °C. And Ba;Tis_,(Zn;;3Nby/3),NbsO,; (x=2) ceramics with 1 wt% MC and 1 wt%
ZBS sintered at 900 °C for 2h showed excellent dielectric properties: €,=53, Q x f=14,600 GHz, t,=6 ppm/°C. Moreover, it has a chemical
compatibility with silver, which made it as a promising material for low temperature co-fired ceramics technology application.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Low temperature co-fired ceramics (LTCC) for microwave
applications has received much attention because of their
potential application for novel multi-layer communication
modules involving the integration of passive components.
The major requirements for these materials are low sin-
tering temperature which should be below the electrode
metals (Ag or Cu) melting temperature, excellent chemical
compatibility with metals in the sintering process, as well
as good microwave properties.! Several microwave dielec-
tric ceramic systems, including MgO-TiO,, BaO-TiO,, (Zr,
Sn)TiO4, LizO—Nb205—Ti02, CaO—LizO—NbQOS—TiOQ and
BaO-Ln,03-TiO; (Ln=La, Nd, Sm),2‘7 have been reported
for applications using low-melting glass frits or oxides.

Recently, the microwave dielectric properties of sev-
eral ceramics in the BaO-TiO—-Nb;Os system such
as BaTi3Nb4017, BaGTi14Nb2019, Ba3Ti5Nb6028 and
Ba3TigNbsO3; have been reported.g’lo Among these ceramics,
BasTisNbsO;; revealed a high permittivity of 55 and an
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excellent Q x f value of 9000 GHz. However, BazTigNbsO;;
ceramics also possessed a large positive tf value which
precludes their usage in practice. Although several methods
were investigated to tune 7y to as closed as zero.'12 However,
the 17 value was still quite positive (50ppm/°C) and the
QO x f values decreased seriously. It has been reported that
the substitution of (Znj;3Nby/3) for Ti in complex perovskite
materials such as Ba(Znj;3Nby/3)03 and Ca(Zni;3Nby/3)03
can strongly influence microwave dielectric properties.!>!# In
order to develop a mid-permittivity LTCC material based on
BasTiyNbsOy, the effects of the substitution of (Zny;3Nby/3)
for Ti on the sintering behavior and microwave dielectric
properties of BazTis—(Zn;3Nby3),NbsOr; (0<x<4)
ceramics were firstly studied, and then the multiple addi-
tive consisted of MnCO3—CuO and ZBS glass were chosen
as a sintering aid to lower the sintering temperature of
BasTig_(Zn13Nby3):NbsOr; (x=2) ceramics. Moreover,
the chemical compatibility of silver electrodes and the LTCC
materials have also been investigated.

2. Experimental procedure

BasTig—x(Zn13Nby3)NbsOy; (0 <x<4) ceramics were
prepared by the conventional solid-state reaction method.
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The stoichiometric mixtures of BaCO3 (>99%), Nb,Os5 (>
99%), TiOy (> 98%) and ZnO (> 99%) powders were
weighed and milled in ethanol medium for 24 h using zirco-
nia balls. The wet powders were dried and calcined in air
at 1100 °C for 4 h. For MnCO3—CuO (MC), MnCO3 (>99%)
and CuO (=99%) were weighed according to the composi-
tions of 0.2MnCQO3-0.8CuO and calcined at 750 °C for 3 h. The
Ba3zTis—x(Zn13Nby3):NbsO2; (x=2) powders were remilled
with MC and home-made ZnO-B,03-Si0; (ZBS) additives for
24 h. The dried powders were mixed 5% PVA solution and sub-
sequently uniaxially pressed into cylindrical pellets of 18 mm in
diameter and 7-9 mm in thickness under a pressure of 80 MPa.
The samples were sintered at different temperatures for 2 h with
a heating and cooling rate of 5 °C/min.

The bulk densities of the ceramics were measured by the
Archimedes method. The crystalline structures of the sintered
samples were characterized by X-ray powder diffraction using
Cu K, radiation (XRD, Rigaku D/max-RA). For microstruc-
tural examination, the sintered ceramics were polished and
thermally etched (100 °C below the sintering temperature) in
air for 30 min. The microstructures of polished and thermally
etched samples were observed by scanning electron microscopy
(SEM, FEI SIRION-100) and the compositions were analyzed
by energy-dispersive spectroscopy (EDS, EDAX GENENIS-
4000). The dielectric constant (e,) and the quality factor
values (Q) at microwave frequencies were measured using the
Hakki—Coleman dielectric resonator method as modified and
improved by Courtney,'>'® using a network analyzer (Agilent
8719 Et, 0.05-13.5 GHz). The temperature coefficient of the res-
onant frequency (ty) was also measured by the same method by
changing temperature from 25 °C to 80 °C and calculated from
the equation:
o= % x 10°(ppm/°C), )
where f3o and fr5 represented the resonant frequency at 80 °C
and 25 °C, respectively.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of
BasTis_(Zny;3Nby3):NbsOy; (0<x<4) ceramics sin-
tered at 1250°C for 2h. A single solid solution phase that
corresponded to hexagonal BazTisNbsOjy; structure was
obtained through the entire compositions. The diffraction
peaks shifted to lower angles of 26 gradually with increasing x
content. The unit cell data and theoretical densities calculated
from the diffraction data are presented in Table 1. It can be
observed that the unit cell volume increased after substitutions,
which was mainly attributed to the substitution of a larger ionic
radius of (Zn1/3Nby3)** than that of Ti**.

Fig. 2 shows the relative densities of
Ba3Tig_(Zn3Nby/3):NbsOr; (0 <x <4) ceramics sintered at
different temperatures. The relative density of BazTigsNbsO3
ceramics increased sharply with increasing temperature and
had a constant value above 1280 °C. However, the relative
densities of Ba3zTis—(Zn;3Nby/3)xNbsOr; (0.5 <x<2) and
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Fig. 1. X-ray diffraction patterns of BazTis—(Zn;3Nby/3);NbsOr; (0 <x <4)
ceramics sintered at 1250 °C for 2 h.

BazTig—(Zn13Nby3)sNbsOs; (3 <x<4) samples reached
the maximum values at 1250 °C and 1220 °C, respectively. As
shown in Fig. 1, BasTis—(Zn1;3Nby/3)NbsOs; (0.5 <x<4)
could form solid solution by the substitution of (Znj;3Nby/3)
for Ti. It indicates that the formation of solid solution could
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Fig.2. Relative densities of Ba3Tig—(Zn13Nb2/3)NbsO21 (0 <x <4)ceramics
sintered at different temperatures.
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Table 1

The unit cell data and theoretical densities calculated from XRD patterns of BazTis—y(Znj3Nby/3)xNbsO2; ceramics sintered at 1250 °C for 2 h.

X a(A) c(A) Unit cell volume (A3) Structure Theoretical
density (gcm™3)

0 9.0380 11.7771 833.13 Hexagonal, space 5.226

0.5 9.0410 11.7733 833.47 group: P63/mcm(193) 5.296

1 9.0196 11.9068 838.88 5.333

1.5 9.0639 11.8116 840.38 5.394

2 9.0434 11.8115 843.99 5.442

3 9.0766 11.8384 844.63 5.578

4 9.0456 11.9450 846.43 5.707

reduce the sintering temperature. However, the maximum
relative density decreased from 98.3% to 95.1% with the x
value increasing from O to 4. Moreover, the relative densities of
BasTis—(Zn13Nby/3)NbsO21 (3 <x <4) decreased at higher
temperatures, which was owing to that excessively high sinter-
ing temperature caused inhomogeneous grain growth (Fig. 3c
and d) resulting in a decrease in density. SEM micrographs of the
surfaces of Ba3Tigq_,(Zny;3Nby/3),NbsO5; sintered at 1250°C
are illustrated in Fig. 3. The Ba3Tis—x(Zn13Nby/3):NbsO2
sample with x=0.5 had some pores and the grain size was
small, approximately 1-2um. A dense structure could be
obtained for x=1. The increase of x leads to the promotion of
the grain growth and a relative increase in the grain size can
be achieved as illustrated in Fig. 3b—d. However, as the x is
increased to >3, abnormal grain growth takes place leading
to the presence of some large pores. As shown in Fig. 3c, the
width of the largest grain was larger than 15 pm for x=3.
Abnormal grain growth can interfere with densification of
ceramics.

Fig. 4 shows dielectric constant (¢,) and quality factor
values (Q x f) values of Ba3Tis_(Zn;;3Nby/3),NbsOy; mea-

sured at 4-5GHz. For each Ba3Tigy_(Zn/3Nby/3)NbsOo
composition, the variation of &, with sintering temperature
is consistent with the trend of relative density. &, is also
strongly dependent on BazTis—_.(Zn1;3Nby/3),NbsO>; compo-
sitions. The maximum &, decreases from 66 for x=0 to 45
for x=4. In general, ¢, was dependent not only on the den-
sity and secondary phases, but also on the ionic polarizabilities.
The relative densities of Ba3Tig—(Zn3Nby/3),NbsO>; ceram-
ics corresponding to the maximum &, were higher than 95%.
Hence, the ¢, was not significantly affected by the density,
and there were no secondary phases through the entire com-
position range. Therefore, the ¢, was largely dependent on
the ionic polarizability of the cations.!” Shannon'® reported
the various ionic polarizabilities of the cations and the total
molar dielectric polarizability of a compound can be calcu-
lated as a simple linear combination of individual ion dielectric
polarizabilities. Therefore, &(Znj3Nby/3 )4+ is straightforwardly
expressed as:

1 2
a(Zny;3Nby3)H = 5a(Zn”) + §oa(Nb5+). )

Fig. 3. SEM micrographs of Ba3Tis—,(Zn13Nb2/3)NbsO7; ceramics sintered at 1250 °C for 2h: (a) x=0.5, (b) x=1, (¢) x=3, (d) x=4.
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(0<x<4) ceramics as a function of

Thus, the value of a(Znj;3Nba3)** =3.33 A3 (Zn?*=2.04 A3,
Nb>*=3.97 A3) is larger than Ti** (2.93 A3). It is suggested
that an increase in the dielectric constant takes place with the
(Zn;3Nby3)** substitution for Ti**. The dielectric constant of
BaszTis—(Zn13Nby/3)NbsO»; in the composition range of 04,
however, decreased as shown in Fig. 4. Therefore, the variation in
the dielectric constant of Ba3Tis—,(Zn1/3Nby/3),NbsO>; is con-
sidered to extremely depend on the crystal structure of ceramics.
Ogawa et al.!? suggested that the enhanced covalency of Sb-O
bond in the octahedron by the Sb—O substitution for Nb-O
lowers the dielectric constant. Thus, the dielectric constant
of Ba3Tig—_x(Zn13Nby/3),NbsO71 decreased with increasing x,
which may be due to that the covalency of Zn—O and Nb-O
have more stronger covalency bond than that of Ti—-O bonds
in the AOg octahedra. It can be seen from Fig. 4b that the
QO x f values enhanced after (Znj;3Nby3) substituting for Ti
except BazTig—(Zn13Nby/3),Nbs Oy with x =4. Unfortunately,
the reason is not unclear.

Fig. 5 shows the 7y of Ba3Tigx(Zni/3Nby/3)xNbsOny
(0 <x < 4) ceramics sintered at 1250 °C. The value of tyrapidly
decreased with increasing x. The temperature coefficient of the
resonant frequency (ty) is related to the temperature coefficient
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Fig. 5. The temperature coefficient of the resonant frequency (ty) of
BasTiy_(Zny;3Nby3)NbsOy; (0 <x <4) ceramics sintered at 1250 °C for var-
ious values of x.
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Fig. 7. X-ray diffraction patterns of Ba3Tis—x(Zn;;3Nby/3):NbsO2; (x=2)
ceramics with (a) 1 wt% MC-1 wt% ZBS, (b) 1 wt% MC-2 wt% ZBS, (c) 1 wt%
MC-8 wt% ZBS and (d) 2 wt% ZBS-8 wt% MC.

of permittivity (t,) as

S (%f +aL> , 3)

where af, is the linear thermal expansion coefficient.?’ 7y is

mainly dominated by the temperature coefficient of dielectric
constant (7) owing to the negligible magnitude (~10 ppm/°C)
of ap. According to Bosman and Colla,202! ¢, (at constant
pressure) is expressed as:

Ta:l(ﬁ) =W(A+B+C), )
e\dT /) p £

1 /[ Oday, 1 /ooy, aV
A=—|—] , B=—|[—| x|— | ,
3o \ 0T J 3o, \ OV ) 1 T ) p

1 [0V
C=—(=
3V<8T>P

where o, and V denote the polarizability and volume, respec-
tively. The term A (commonly negative) represents the direct
dependence of the polarizability on temperature. B and C rep-
resent the increase of the polarizability and the decrease of the
number of polarizable ions in the unit-cell respectively; the unit
cell volume increased with an increase in temperature. The B and
C terms are normally the largest ones but have similar value with
opposite signs, and the sum of B and C terms is approximately
6 + 1 ppm/°C, therefore the term A plays a dominating role. The
term A depends directly on the structures and their symmetries.

Fig. 8. SEM micrographs of BazTis—,(Zn/3Nby/3)NbsOy; (x=2) ceramics with (a) 1 wt% MC-2 wt% ZBS, (b) 1 wt% MC-8 wt% ZBS, and (c) 2 wt% ZBS-8 wt%
MC; (al), (bl) and (c1) are the energy spectrum analysis of the corresponding spots in(a), (b) and (c), respectively.
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And the highly symmetric structure showed a direct polarizabil-
ity temperature dependence bigger than for a tilted and distorted
structure.2’ As the quantity of substitution of (Znj;3Nbys3)
for Ti increasing, degree of tilting on oxygen octahedra was
increased, and the structures of Ba3zTis_(Zn1/3Nby/3)NbsO»q
(0 <x<4) ceramics turned to be more distorted. Therefore,
the 7, of Ba3Tig_(Zn1;3Nby3):NbsOr; (0 <x<4) ceramics
decreased with increasing x value. As aresult, Ty decreased with
increasing x.

Fig. 6 shows the bulk densities of
BasTis—(Zn13Nby3)NbsOr; (x=2) ceramics with ywt%
7ZBS-1wt% MC and 2 wt% ZBS—zwt% MC as a function of
sintering temperature. In Fig. 6a, for the sample with y=0.5, the
bulk densities increased gradually with increasing the sintering
temperature, which indicated that the sintering temperature
of this composition was higher than 925°C. When y> 1, the
bulk densities of all samples reached the maximum values at
900 °C, and the bulk densities decreased with increasing the
content of ZBS glass which was mainly due to the low density
of ZBS. As shown in Fig. 6b, the densification temperature
decreased from 925 to 875°C with the z value increasing
from 0.5 to 8. These results revealed that the additives of MC
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Fig. 10. O x fvalues of Ba3Tis—y(Zn13Nb/3),NbsO2 (x =2) ceramics with (a)
ywt% ZBS—1 wt% MC and (b) 2 wt% ZBS—z wt% MC as a function of sintering
temperature.

and ZBS can remarkably lower the sintering temperature of
BasTig_(Zn/3Nby/3),NbsOy; (x=2) ceramics.

Fig. 7 shows the X-ray diffraction patterns of
BasTig_(Zn13Nby3),NbsOy; (x=2) with various con-
tents of MC and ZBS sintered at 900 °C for 2 h. It was evident
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8 o\
|
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6] \
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Fig. 11. The 77 of BazTis—(Zn1/3Nby/3)xNbsOz; (x=2) ceramics as a function
of MC or ZBS content sintered 900 °C for 2 h.
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Fig. 12. EDS line scan of the interface between silver electrode and ceramic body.

that no second phase appeared with increasing ZBS glass
content. However, CuO and CuMn,O4 phases which are the
reaction product of MnCO3 and Cu0,2? were detected for the
sample with 2wt% ZBS-8wt% MC. SEM micrographs of
Ba3Tig_(Zn13Nby3),NbsyOy; (x=2) with various contents
of MC and ZBS sintered at 900 °C for 2h are illustrated in
Fig. 8. Specimen with 1 wt% MC-2 wt% ZBS showed a dense
microstructure and elongated grains. However, as increasing the
amount of MC or ZBS glass, it is clear that the morphologies of
grain changed. Energy dispersive spectroscopy (EDS) analysis
was used to reveal the effects of MC and ZBS glass on the
microstructure of BasTig_(Zny;3Nby3):NbsOr1 (x=2). As
shown in Fig. 8bl and cl, Zn-rich and Cu-rich phases were
identified in Fig. 8b and c, respectively. Zn-rich and Cu-rich
phases, which were formed by ZBS or MC melting and then
diffusing to BazTis—(Zn;3Nby3):NbsOs; (x=2) ceramics
during sintering, maybe affect the dielectric properties of
Ba3Ti4,x(Zn1/3Nb2/3)be4021 (x = 2) ceramics.

Fig. 9 shows the dielectric constant  of
BasTig_(Zn13Nby3),NbgyOr; (x=2) with various con-
tents of MC and ZBS additives as a function of sintering
temperature. The dielectric constant showed the similar
tendency as the bulk densities. It is understood that a high
density would lead to a high dielectric constant owing to lower
porosity. More additions MC or ZBS glass caused the decrease
of &,, which was probably attributed to the Zn-rich or Cu-rich
secondary phase in Fig. 8.

Fig. 10 illustrates the Oxf  values of
Ba3Tig_(Zn13Nby/3),NbsOy; (x=2) ceramics with vari-
ous contents of MC and ZBS additives as a function of sintering
temperature. For almost all the specimens, with increasing the
sintering temperature, the Q x f values increased and reached a
maximum value and then decreased. The relationship between
maximum Q x f value and ZBS content reveals the same trend
between maximum density and ZBS content. The maximum
QO x f value increased and then decreased slightly with the
increase of ZBS content. The further addition of ZBS glass
diminished the quality factor, which is due to lower density
and more Zn-rich secondary phase. As shown in Fig. 10b, the
saturated Q x f values decreased from 15,700 to 11,700 GHz
with MC increasing from 0.5 to 8. It clearly indicated that MC
was detrimental to the Q x f values, which was perhaps due
to the generation of the Cu-rich secondary phase as shown in
Fig. 8.

Fig. 11 shows the temperature coefficient of the resonant fre-
quency of Ba3zTis—,(Zn1/3Nby/3):NbsO2; (x=2) as a function
of MC or ZBS content sintered at 900 °C for 2 h. The 77 shifted
toward the negative direction with increasing MC or ZBS con-
tent. It was evident that Ba3Tig_,(Zn;3Nby/3),NbsOr; (x=2)
with a small amount of MC and ZBS could achieve a near
Z€10 Tf.

For application as LTCC, Fig. 12 shows SEM micro-
graphs and EDS line scan of the interface between the
silver electrode and Ba3Tig_(Zn;;3Nby;3),NbsOr; (x=2)
with 1wt% MC-1wt% ZBS tape co-fired at 900°C for
2h. The silver profile decreased sharply at the interface
in Fig. 12, which indicated that the reaction between low
fired Ba3Tis_x(Zn;;3Nby/3),NbsOr; (x=2) ceramics and sil-
ver electrode did not occur. In order to evaluate the chemical
compatibility of BazTi4_(Zn13Nby/3)NbsOs (x=2) ceramic
with silver, the mixtures of LTCC powder with 10 wt% Ag
powders are heat-treated at 900°C for 2h. XRD of the
mixtures is shown in Fig. 13. Since XRD patterns of the
mixtures do not show the formation of secondary phase, it
is considered that the LTCC material has a chemical com-
patibility with silver. Therefore, Ba3Tis—(Zn13Nb2/3)xNbs O3
(x=2) ceramics with 1 wt% MC-1 wt% ZBS combined addi-
tives could be selected as a promising candidate for LTCC
application.
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Fig. 13. X-ray diffraction patterns of LTCC sintered with 10 wt% Ag powder
sintered at 900 °C for 2 h.
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4. Conclusion

In this study, the effects of substitution of (Znj;3Nby3)
for Ti on the sintering behavior and microwave dielectric
properties of BazTis—,(Zn13Nby/3),NbsO71 (0 <x <4) ceram-
ics have been investigated. The dielectric constant (¢,) and
the temperature coefficient of the resonant frequency (ty)
of BasTig_(Zny/3Nby/3),NbsOy; ceramics decreased with
increasing x. However, the Q x fvalues increased with the substi-
tution of (Zny/3Nby/3) for Ti. It was found that the proper addi-
tions of MC and ZBS glass to BazTis—(Zn/3Nby/3),NbsO2
(x=2) ceramics enabled a reduction in sintering temperature
from 1250 to 900°C. BazTig_(Zn;3Nby/3):NbsOr; (x=2)
ceramics with 1 wt% MC and 1 wt% ZBS sintered at 900 °C for
2 h had a dense structure and showed good dielectric properties:
&r=353, O x f=14,600 GHz, ty=6 ppm/°C. Also, this material
was compatible with Ag electrodes, which made it as a promising
material for LTCC application.
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