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bstract

he sintering temperature of BaSm2Ti4O12 (BST) and BaNd2Ti5O14 (BNT) ceramics was approximately 1350 ◦C and decreased to 875 ◦C with the
ddition of BaCu(B2O5) (BCB) ceramic powder. The presence of the liquid phase was responsible for the decrease of the sintering temperature. The
iquid phase is considered to have a composition similar to the BaO-deficient BCB. The bulk density and dielectric constant (εr) of the specimens
ncreased and reached saturated value with increasing BCB content. The Q-value initially increased with the addition of BCB, but decreased

onsiderably when a large amount of BCB was added, because of the presence of the liquid phase. Good microwave dielectric properties of
× f = 4500 GHz, εr = 60 and τf = −30 ppm/◦C were obtained for the 16.0 mol% BCB-added BST ceramics sintered at 875 ◦C for 2 h. Moreover,

he BST and BNT ceramics containing BCB show good compatibility with silver metal.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

The development of communication systems such as mobile
ystems requires the miniaturization of devices. Low temper-
ture co-fired ceramic (LTCC) multilayer devices have been
xtensively investigated for the miniaturization of microwave
ielectric components.1 For the application of LTCC multilayer
evices, it is necessary to reduce the sintering temperature of
he microwave dielectric ceramics so that they can be cofired
ith metallic electrodes such as silver and gold. Glass with

ow melting temperature was generally used to lower the sinter-
ng temperature of the microwave dielectric materials for LTCC
pplications.2,3 However, it deteriorated the microwave dielec-
ric properties of the ceramics, because it exists as an amorphous
hase in the microwave dielectric materials. LTCCs based on
xides with a low melting temperature were investigated to over-
ome the problems caused by addition of glass.4,5 Moreover,

small amount of oxide with a low melting temperature was

lso used as an additive to decrease the sintering temperature of
icrowave dielectric materials.6,7

∗ Corresponding author. Tel.: +82 2 3290 3279; fax: +82 2 928 3584.
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BaO–Re2O3–TiO2 ceramics (Re = Sm, Nd) are known to
ave good microwave dielectric properties.8–12 However, their
igh sintering temperature of approximately 1350 ◦C needs to
e decreased for application to LTCC technology. Although
2O3 and B2O3/GeO2 have been used to decrease the sinter-

ng temperatures of BNT and BST ceramics, respectively, their
intering temperatures remains too high for the use of Ag metal
s an electrode.13,14 The composition of Ba–Nd–Sm–Ti–O
eramics was varied to reduce their sintering temperature,
ut the result was not satisfactory.15 B2O3–Bi2O3–SiO2–ZnO
lass-added BaNd2Ti4O12 ceramics and BaO–La2O3–4.7TiO2
eramics with PbO–B2O3–SiO2 glass were able to be sintered at
00 ◦C and exhibited good microwave dielectric properties.16,17

owever, their sintering temperature was still not reducible to
elow 900 ◦C as required for LTCC application.

Recently, a small amount of B2O3 and CuO additives were
sed to decrease the sintering temperature of Ba(Zn1/3Ta2/3)O3
nd Ba(Zn1/3Nb2/3)O3 ceramics.18,19 They were well sin-
ered at 870 ◦C and had good microwave dielectric properties.
aCu(B2O5) second phase was observed in the B2O3- and CuO-

dded specimens and it was assumed to exist as a liquid phase
nd assist in the densification of the ceramics at low temperature.
ccording to a previous work, BaCu(B2O5) phase was formed at
00 ◦C and melted above 850 ◦C.20 Moreover, the BaCu(B2O5)

mailto:snahm@korea.ac.kr
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image, no peaks for the BCB second phase were found in the
XRD patterns. Therefore, it is considered that the reaction that
occurred in the BCB-added BaTi4O9 ceramics may have taken
place in the BCB-added BaO–Re2O3–TiO2 ceramics.
034 M.-H. Kim et al. / Journal of the Europ

eramic sintered at 810 ◦C had a dielectric constant (εr) of 7.4,
quality factor (Q × f) of 50,000 GHz and a temperature coef-
cient of resonance frequency (τf) of −32 ppm/◦C.20 Since the
aCu(B2O5) ceramic had a low melting temperature and good
icrowave dielectric properties, it could be used as a low tem-

erature sintering aid in the microwave dielectric materials used
or LTCC application. In this work, BCB ceramic powder was
dded to BST and BNT ceramics to reduce their sintering tem-
erature and the effect of BCB addition on their microwave
ielectric properties was studied.

. Experimental procedures

BaSm2Ti4O12 (BST) (or BaNd2Ti5O14; BNT) + xBCB
eramics with 2.0 ≤ x ≤ 24.0 mol% were prepared from oxides
f >99% purity using conventional solid-state synthesis. To
ynthesize the BCB ceramic powder, BaO (High Purity Chem-
cals, >99%, Japan), CuO (Junsei Chemical Co., Tokyo, Japan)
nd B2O3 (High Purity Chemicals, >99%, Japan) were mixed
or 24 h in a nylon jar with zirconia balls, then dried and
alcined at 700 ◦C for 3 h. For the synthesis of the BST
nd BNT ceramics, BaCO3 (High Purity Chemicals, >99%,
apan), Sm2O3 (High Purity Chemicals, >99%, Japan), Nd2O3
High Purity Chemicals, >99%, Japan) and TiO2 (High Purity
hemicals, >99%, Japan) were mixed in a nylon jar with zir-
onia balls for 24 h, and then dried and calcined at 1150 ◦C
or 4 h. After remilling with the BCB additive, the powder
as dried, pressed into discs and sintered at 850–900 ◦C for
h. The microstructure of the specimens was studied using
-ray diffraction (XRD; Rigaku D/max-RC, Japan), scan-
ing electron microscopy (SEM; Hitachi S-4300, Japan) and
ransmission electron microscopy (TEM: Hitachi H-9000NAR
baraki, Japan). Composition analysis was performed using
nergy dispersive spectroscopy (EDS; Horiba EMAX, Japan).
hrinkage of the specimens during heating was measured
sing a horizontal loading dilatometer with aluminar rams and
oats (Model M18XHF, Macscience Instruments, Japan). The
ensities of the sintered specimens were measured by a water-
mmersion technique. The dielectric properties in the microwave
requency range were measured by a dielectric post resonator
echnique suggested by Hakki-Coleman and Courtney.21,22 The
emperature coefficients of the resonant frequency were mea-
ured in the temperature range of 25–80 ◦C.

. Results and discussion

Fig. 1 shows the XRD patterns of the BST + xBCB ceram-
cs with 2.0 ≤ x ≤ 20.0 mol% sintered at 875 ◦C for 2 h. All the
eaks were indexed to those of the tungsten bronze BST phase.
ven though a large amount of BCB was added to the BST
eramics, no peaks were found for the second phases, including
CB phase. Similar results were also observed in the BCB-
dded BNT ceramics. Fig. 2 shows the TEM high resolution

attice image of the BST ceramics containing 20.0 mol% BCB
intered at 875 ◦C. The liquid phase was found at the grain
oundary of the specimen. Therefore, the densification of the
ST ceramics at low temperatures was attributed to the presence

F
2

ig. 1. XRD patterns of the BST + xBCB ceramics with 2.0 ≤ x ≤ 20.0 mol%
intered at 875 ◦C for 2 h.

f the liquid phase. Furthermore, since the BCB phase starts to
elt at approximately 850 ◦C, the liquid phase is considered to

ave a composition similar to the BCB. According to a previous
ork, liquid phase was also observed in the BCB-added BaTi4O9

eramics with the Ba4Ti13O30 second phase, but no peaks for the
CB second phase were found in the XRD patterns.23 There-

ore, it is considered that BCB liquid phase was formed during
he sintering and the Ba ions in the BCB liquid phase were incor-
orated into the BaTi4O9 phase forming the Ba4Ti13O30 second
hase.23 The composition of the liquid phase in the BaTi4O9
eramics was not a BCB, but rather a CuO and B2O3 rich phase.
oreover, the BaO-deficient liquid phase existed as an amor-

hous phase after cooling.23 For the BCB-added BST and BNT
eramics, even though liquid phase was observed in the TEM
ig. 2. TEM high resolution lattice image of the BST ceramics containing
0.0 mol% BCB sintered at 875 ◦C for 2 h.
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Fig. 3. Shrinkage of the BCB-added BST ceramics.

The shrinkage behavior of the BCB-added BST ceramics is
hown in Fig. 3. For the BCB-added BST ceramics, shrinkage
tarted approximately 800 ◦C. These results implied that the
CB acted as a good low temperature sintering aid for BST
eramics. The similar results were observed in the BCB-added
NT ceramics.

The variations of the density, εr, Q-value and τf value of
◦
he BCB-added BST ceramics sintered at 875 C are shown

n Fig. 4(a). The bulk density was comparatively low at low
CB content. However, it increased with increasing BCB con-

ent reached a saturated value when 16.0 mol% BCB was added.

s
w
i
w

Fig. 4. Density, εr, Q-value and τf value of (a) BST and (b) BNT ceramics co
eramic Society 27 (2007) 3033–3037 3035

he variation of εr was similar to that of the bulk density and
saturated εr value of 60 was obtained for the specimens with
6.0 mol% BCB. The Q × f value increased with the addition of
small amount of BCB, due to the increased density, and a max-

mum Q × f value of 4700 GHz was obtained for the specimen
ith 12.0 mol% BCB. In contrast to the εr value, the Q-value
ecreased at a high BCB content, because of the increase in
he amount of the liquid phase. Therefore, the density is also
n important factor determining the Q-value, although the pres-
nce of the liquid phase can deteriorate the Q-value even at a
igh bulk density. For BST ceramic with 4.0 mol% BCB, the τf
alue was about 5.0 ppm/◦C and decreased with increasing BCB
ontent. At 16.0 mol% BCB, the τf value reached the saturated
alue of −30 ppm/◦C.

The variations of the density, εr, Q-value and τf value of
he BCB-added BNT ceramics sintered at 875 ◦C are shown in
ig. 4(b). The variation in bulk density with the BCB content was
imilar to that of the BST ceramics. For the specimens sintered at
75 ◦C, the saturated bulk density corresponding to 95% of the
heoretical value was obtained when 23.0 mol% BCB was added.
he variations of the εr and Q-value of the BCB-added BNT
ere similar to those of the BCB-added BST. It is interesting to
ote that the BNT ceramics required a greater amount of BCB
o obtain the saturated value of εr. For the specimen sintered
t 875 ◦C, at least 23.0 mol% BCB was required to reach the

aturated value of εr, 58. However, the Q-value of this specimen
as very low, despite its exhibiting a high bulk density, because

t contained a large amount of the liquid phase. Therefore, it
as difficult to obtain BNT ceramics with both large εr and

ntaining x mol% of BCB with 2.0 ≤ x ≤ 28.0 sintered at 875 ◦C for 2 h.
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ig. 5. XRD patterns of the (a) BCB, (b) 23.0 mol% of BCB-added BST and (c)
4.0 mol% BCB-added BNT ceramics sintered with Ag metal at 875 ◦C for 2 h.

high Q-value. The τf value of the BCB-added BNT ceramics
ecreased with the addition of BCB, but showed a slight increase
or 14.0 < x < 26.0.

Ag is generally used as the electrode in LTCC devices,
ecause of its high conductivity and low cost. Thus, it is impor-
ant to study the reaction between Ag electrode and BCB-added
aO–Re2O3–TiO2 ceramics. Fig. 5(a) shows the XRD pattern
f the BCB ceramics sintered with Ag metal at 875 ◦C. Only
eaks for the BCB ceramics and Ag metal were observed with-
ut any peaks for the second phase. Therefore, Ag metal did not
eact with the BCB ceramics at 875 ◦C. The XRD patterns of
4.0 mol% BCB-added BST and BNT ceramics are also shown
n Fig. 5(b) and (c), respectively. All the peaks can be indexed in
erms of those of BST (or BNT) and Ag and no peaks were
bserved for the second phase. Therefore, Ag metal did not
eact with the BST (or BNT) ceramics at 875 ◦C. The interface

etween Ag and BCB ceramics was also studied using SEM and
DS line scan, as shown in Fig. 6. The interface between the Ag
etal and BCB ceramics is well developed and the sliver profile

ig. 6. SEM image and EDS line scan of the interface between BCB ceramics
nd Ag metal.
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ig. 7. SEM image and EDS line scan of the interface between 24.0 mol%
CB-added BST ceramics and Ag metal.

harply decreased at the interface, indicating that no diffusion
f silver occurred into the BCB ceramics. Moreover, since the
oncentrations of Ba and Cu in the Ag metal were very low, it
s considered that there was no reaction between the Ag metal
nd BCB ceramics. The interface between the Ag metal and
he BST ceramics containing 24.0 mol% BCB was also investi-
ated, as shown in Fig. 7. The silver profile sharply decreased
t the interface between BST ceramics and Ag metal. The con-
entrations of Ba, Sm and Ti ions in the Ag metal were very
ow. Therefore, no reaction occurred between BCB-added BST
eramics and Ag electrode. Similar results were also obtained
rom the BNT ceramics containing BCB. Therefore, it can be
oncluded that the BaCu(B2O5) phase constitutes a good addi-
ive for decreasing the sintering temperature of BST and BNT
eramics. Furthermore, BCB-added BST and BNT ceramics
re good candidates for LTCC because of their low sintering
emperature, good microwave dielectric properties and good
ompatibility with the Ag electrode.

. Conclusion

BCB ceramic powder melted during the sintering and assisted
he densification of the BST and BNT ceramics at low tem-
erature. The εr of the specimens increased and reached the
aturated value with increasing BCB content and its increase can
e explained by the increase of the bulk density. The Q-value
lso increased at low BCB content, but decreased consider-
bly at a high BCB content, due to the presence of the liquid
hase. The BST ceramics needed a relatively small amount of
CB to obtain the saturated value of εr, while still maintain-

ng a high Q × f value. However, a large amount of BCB was
eeded for BNT to obtain the saturated of εr and the resulting
pecimen had a large amount of liquid phase, which deteri-
rated the Q-value. Good microwave dielectric properties of
× f = 4500 GHz, εr = 60 and τf = −30 ppm/◦C were obtained
or the 16.0 mol% BCB-added BST ceramics sintered at 875 ◦C
or 2 h. BCB-added BST and BNT ceramics show good com-
atibility with the Ag electrode thus, are good candidates for the
TCC.
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