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bstract

nBO-doped (Ba, Sr)TiO3 ceramics were investigated for low-temperature co-fired ceramics (LTCCs) applications. Until now, B2O3 and Li2CO3

opants have been commonly employed as the low-temperature sintering aids. In this paper, we suggest ZnBO as an alternative dopant to the
2O3 and Li2CO3. To reduce the sintering temperature of (Ba, Sr)TiO3, we have added 1–5 wt.% of ZnBO to (Ba, Sr)TiO3. ZnBO-doped (Ba,
r)TiO3 ceramics were respectively sintered from 750 to 1350 ◦C by 50 ◦C to confirm the sintering temperature with different dopant contents.
y adding 5 wt.% of ZnBO to the (Ba, Sr)TiO ceramics, the sintering temperature of (Ba, Sr)TiO ceramics can be reduced to 1100 ◦C. From
3 3

he XRD analysis, ZnBO-doped (Ba, Sr)TiO3 has no pyro phase. By adding ZnBO dopants to (Ba, Sr)TiO3 ceramics, both of relative dielectric
ermittivity and loss tangent were decreased. From the frequency dispersion of dielectric properties, the relative dielectric permittivity and loss
angent of 5 wt.% ZnBO-doped (Ba, Sr)TiO3 were 1180 and 3.3 × 10−3, while those of BST were 1585 and 4.8 × 10−3, respectively.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

As developing wireless portable communication systems,
he miniaturization of the passive devices has been inter-
sted greatly. Although many parts of active devices were
ntegrated by silicon technology, passive devices are rarely
ntegrated. Therefore, the miniaturization of electronic passive
evices is of great concern by employing the low-temperature
o-fired ceramics (LTCCs) process. These electronic passive
evices employing LTCC technology were consisted of dielec-
ric ceramic materials and internal metallic electrode between
he layers.1 However, it is difficult to co-fire dielectric ceramics
ith metallic electrodes altogether, because dielectric ceram-

cs have high-shrinkage rate, while metallic electrode materials
ave no shrinkage properties.

To apply ceramic materials for LTCC applications, low-

intering temperature, high-dielectric permittivity, and low-loss
angent are required. Among the ferroelectrics, Ba0.5Sr0.5TiO3
hereafter BST) has especially high-dielectric permittivity and
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ow-loss tangent.2–4 Therefore BST has been employed as the
requency agile devices. However, BST material has relatively
igh-sintering temperature of 1350 ◦C, where metallic electrode
aterials such as Ag, Ni and Cu cannot be employed due to their

ow-evaporation temperature. Therefore the sintering tempera-
ure of BST ceramics should be lowered for LTCC applications
own to 900 ◦C. Generally low-temperature sintered ceramic
aterials can be prepared by (1) mixing with glass frits5 and

2) adding with dopants such as B2O3,1 CuO,6–7 CuV2O6,8 and
i2CO3.9 By combining ceramic powders with glass frits the
intering temperature can be lowered drastically, while its dielec-
ric properties are also degraded seriously. On the other hand,
oping method for LTCC applications has been also studied to
xpect higher relative dielectric permittivity and lower loss tan-
ent than those of glass–ceramic materials. It is reported that
ielectric permittivity is decreased and loss tangent is increased
y adding dopants.9 Since the LTCC based electronic devices
re usually operated in the GHz, loss tangent play an important
ole for the microwave applications to obtain higher efficiency.
Until now, B2O3 and Li have been commonly employed
or effective dopants for low-temperature sintering process
specially BST materials. It was reported that Li-doped BST
eramics have low-sintering temperature but high-loss tangent.9
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trary, BST and 4, 5 wt.% ZnBO-doped BST have similar slope
values. It means that sintering mechanism of 4, 5 wt.% ZnBO-
doped BST is approximately similar to that of pure BST. The
calculated activation energies of 4, 5 wt.% ZnBO-doped BST
ig. 1. Linear shrinkage as a function of temperature for (Ba0.5Sr0.5)TiO3

eramic plates and 1–5 wt.% of ZnBO-doped (Ba0.5Sr0.5)TiO3 ceramic plates.

herefore, the importance of ceramic materials, which have
ow-temperature sintering properties with the low-loss tangent
ecome increased.

In this paper, we focused on the ZnBO for the low-
emperature sintering aids for BST. We will discuss structural
nd electrical properties of ZnBO-doped BST ceramics for the
TCC applications.

. Experimental

In this experiment, mixed powders of Ba0.5Sr0.5TiO3 were
repared from BaCO3, SrCO2, and TiO2 powders with high
urity of 99.9% by conventional mixed oxide method. These
owders were mixed with ZrO2 balls for 24 h in alcohol. After
rying, reagents were calcined at 1100 ◦C for 2 h and then slowly
ooled. To fabricate the ZnBO dopants, ZnO and B2O3 (5:5)
owders with high purity of 99.9% were mixed together. After
eing ball-milled for 24 h and dried, they were calcined at 800 ◦C
or 2 h. This mixed powder was sieved to 100-mesh and then
dded in BST ceramics for reducing the sintering temperature
f BST. After sieving the BST powders with 100 mesh, 1–5 wt.%
f ZnBO were added to the BST powder to lower sintering
emperature.

Respective compound powders were synthesized with ball
illing and dried at the oven for 24 h and pressed into disks
ith 10 mm by 1 tonne/cm2. These powders were respectively

intered from 750 to 1350 ◦C by 50 ◦C for 2 h to confirm the
intering temperature.

The crystalline structures of ZnBO-doped BST ceramics
are investigated by X-ray diffraction (XRD) pattern (θ–2θ

cans with Cu K� source). Frequency-dependent dielectric per-
ittivity of these specimens was analyzed through HP 4284

recision LCR meter and HP 4194A impedance analyzer.
. Results and discussion

Fig. 1 shows the linear shrinkage profiles of BST ceramic
lates without and with 1, 2, 3, 4, and 5 wt.% of ZnBO. The

F
p
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eramic plates were dried and made into a disk shape and then
intered from 750 to 1350 ◦C. The shrinkages of disks were mea-
ured after the sintering in order to investigate their shrinkage
ates. By adding ZnBO to the BST, the onsets of the shrinkage
f 2–5 wt.% ZnBO-doped BST were almost started at 750 ◦C
ut that of 1 wt.% ZnBO-doped BST was begun at 900 ◦C,
hich all specimens were drastically shrinked with increas-

ng the temperature, whereas that of the BST without ZnBO
as started at approximately 900 ◦C and slowly shrinked with

ncreasing the temperature. The shrinkage rates of ZnBO-doped
ST were different as increasing amount of ZnBO. Sintering
rocess of ZnBO-doped BST was almost finished at 1100 ◦C.
he 5 wt.% ZnBO-doped BST showed the highest shrinkage

ate and was sintered at 1100 ◦C. In the case of 7 wt.% ZnBO-
oped BST ceramic, which is not presented in this paper, the
intering temperature was not changed compared with that of
wt.% ZnBO-doped BST.

The densification kinetics is determined on the basis of
ingery’s analysis for metal–ceramic composites. The shrink-

ge results obtained in Fig. 1 can be analyzed employing the
ollowing equations10,11:

n

{
T

[
d�L/L0

dT

]}
= ln

(
1

nK1/n

)
− 1

n
ln α − Q

nRT
(1)

here �L/L0 is the fractional shrinkage, T the absolute tem-
erature, n the exponent, K the heating rate, Q the apparent
ctivation energy and R is the gas constant. The n value is known
o be in the range of 1.1–1.3. From Fig. 1, ln[T d(�L/L0)/dT] vs.
/T results can be reconstructed in Fig. 2. By increasing the
ontents of ZnBO in BST, it seems the densification kinetic fol-
ows the Kingery’s analysis. Straight line was fitted and their
lopes were used to determine the apparent activation energy.
s shown in the Fig. 2, the slopes of graph for 1, 2, 3 wt.%
nBO-doped BST were different with that of BST. On the con-
ig. 2. Reconstructed curves showing kinetics for (Ba0.5Sr0.5)TiO3 ceramic
lates and 1–5 wt.% of ZnBO-doped (Ba0.5Sr0.5)TiO3 ceramic plates.
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shown in the figure by adding ZnBO dopnat to BST, loss tangent
of ZnBO-doped BST was decreased down to 27.9% compared
with that of BST at 1 MHz. As a result, by comparing the
ig. 3. XRD θ–2θ patterns of (Ba0.5Sr0.5)TiO3 ceramic plates sintered at
350 ◦C and 1–5 wt.% of ZnBO-doped (Ba0.5Sr0.5)TiO3 ceramic plates sintered
t 1100 ◦C.

ere around 1.99 and 2.12 eV/mol K, and that of pure BST was
bout 2.12 eV/mol K.

Fig. 3 shows the X-ray θ–2θ patterns of BST sintered
t 1350 ◦C and ZnBO-doped BST ceramic plates sintered at
100 ◦C. As shown in the figure, these specimens show per-
vskite structure as same as that of BST sintered at 1350 ◦C
nd any pyro phase was not observed through XRD pattern
nalysis. Also the intensity of 5 wt.% ZnBO-doped BST was
tronger than those of 1, 2, 3, 4 wt.% ZnBO-doped BST sintered
t 1100 ◦C. The 1 1 0 reflection intensities of 5 wt.% ZnBO-
oped BST and 1 wt.% ZnBO-doped BST are in the ratio of
5 wt.% ZnBO-doped BST:I1 wt.% ZnBO-doped BST = 1.73. Full width at
alf maximum (FWHM) of 5 wt.% ZnBO-doped BST in the
eflection of (1 1 0) is 0.2◦, while those of other specimens are
arger than 0.22◦ (the tolerance of XRD equipment is about
.003◦). Therefore, it can be considered that by increasing the
opant of ZnBO to BST ceramic, specimens are well aligned
ith (1 1 0) orientations with narrow FWHM.
Fig. 4 displays lattice constants of c, a and lattice param-

ter ratio of a/c for ZnBO-doped BST ceramic plates. From
he XRD θ–2θ scan in Fig. 3, lattice parameters of 1–5 wt.%
f ZnBO-doped BST ceramics were calculated by employing
elson–Rilley extrapolation function with least mean square
ethods. The equation can be expressed as follows:

Ccos θ − C0

C0
= A cos2 θ

(
1

sin θ
+ 1

θ

)
(2)

As shown in the figure by increasing the ZnBO contents,
he lattice parameters of both c and a were decreased, how-
ver the weak tetragonality was remained. From the density of
nBO-doped BST ceramics, by increasing the amount of ZnBO

opants, the density of ZnBO-doped BST was increased. The
heoretical density of BST ceramic is 5.53 g/cm3. The 5 wt.%
nBO-doped BST ceramic has 95.4% of the theoretical den-
ity, while 1 wt.% ZnBO-doped BST ceramic has only 85.1%.

F
c
t
v

ig. 4. Lattice parameters of a, c and the ratio of a/c of (Ba0.5Sr0.5)TiO3 ceramics
ith various ZnBO compositions.

e believe these decreased lattice parameters and high densi-
ies were probably related with compressive stress come from
he high densification of ZnBO-doped BST ceramics with the
rain agglomeration affects.12

Fig. 5 displays frequency dispersion of relative dielectric per-
ittivity of ZnBO-doped BST in the frequency range from 1 kHz

o 1 MHz. As shown in the Fig. 5, the relative dielectric permittiv-
ty of BST and ZnBO-doped BST ceramics have been reduced
ith increasing frequency from 1 kHz to 1 MHz. The relative
ielectric permittivity of 1 wt.% ZnBO-doped BST decreased
.68% from 1460 at 1 kHz to 1450 at 1 MHz, while the dielectric
ermittivity of 5 wt.% ZnBO-doped BST has decreased 1.0%
rom 1192 at 1 kHz to 1180 at 1 MHz.

Fig. 6 displays frequency dispersion of loss tangent of ZnBO-
oped BST in the frequency range from 1 kHz to 1 MHz. As
ig. 5. Frequency-dependent relative dielectric permittivity of (Ba0.5Sr0.5)TiO3

eramics sintered at 1350 ◦C and ZnBO-doped (Ba0.5Sr0.5)TiO3 ceramics sin-
ered at 1100 ◦C measured from 1 kHz to 1 MHz at room temperature range with
arious ZnBO compositions.
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Fig. 6. Frequency-dependent loss tangent of (Ba0.5S0.5)TiO3 ceramics sintered
at 1350 ◦C and ZnBO-doped (Ba0.5Sr0.5)TiO3 ceramics sintered at 1100 ◦C
measured from 1 kHz to 1 MHz at room temperature range with various ZnBO
c
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ig. 7. SEM images of various wt.% of ZnBO-doped (Ba0.5Sr0.5)TiO3 ceramics sint
wt.%.
Ceramic Society 28 (2008) 2969–2973

requency dispersion from 1 kHz to 1 MHz, we found that 5 wt.%
nBO-doped BST showed very weak dispersion of 9.37%. This

requency dispersion of 9.37% in 5 wt.% ZnBO-doped BST is
ven weaker than that of BST ceramics sintered at 1350 ◦C.

We believe this low-loss tangent of ZnBO-doped BST prob-
bly come from the increased density of ZnBO-doped BST
eramics due to the decreased porous area and increased grain
ize. This enlarged grain size with addition of ZnBO to the BST
as confirmed at the SEM images of Fig. 7.
Fig. 7(a)–(e) show the SEM image of the 1–5 wt.% ZnBO-

oped BST ceramic plates, respectively. By observing the grain
hape and size of ZnBO-doped BST, we found that 1 wt.%
nBO-doped BST has circular shape of grain with 1 �m of grain
ize, while 5 wt.% ZnBO-doped BST has rectangular shape with
�m of grain size. We may argue that this big grain size of
wt.% ZnBO-doped BST has related with completely well sin-

ered material properties at 1100 ◦C as we have discussed in

ig. 3. It can be argued that by increasing the amount of ZnBO

n BST, the grain size was increased and crystalline properties
ere improved.

ered at 1100 ◦C for 2 h: (a) 1 wt.%, (b) 2 wt.%, (c) 3 wt.%, (d) 4 wt.%, and (e)
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S.-H. Kim, J.-H. Koh / Journal of the Eur

. Conclusion

In this paper, we have investigated the fabrication and charac-
erization of ZnBO-doped BST ceramics for LTCC applications.

e have found that by adding the ZnBO to the BST the loss tan-
ent was decreased from 3.07 × 10−3 to 2.78 × 10−3 by 9.37%,
hile relative dielectric permittivity was decreased from 1585 to
180 by 22.5%. Sintering temperature of ZnBO-doped BST was
ecreased down to 1100 ◦C with relative dielectric permittivity
f 1180 and loss tangent of 2.78 × 10−3, respectively.

We may ascribe this low-loss tangent of ZnBO-doped BST to
he increased density of ZnBO-doped BST ceramics and exten-
ive grain size.

From the XRD analysis, we found that 1–5 wt.% ZnBO-
oped BST have perovskite structure. The lattice parameters of
, c, and tetragonality were calculated and compared according
o the ZnBO contents. From the SEM images, by increasing the
nBO content to BST, grain size was increased and crystalline
roperties were improved.
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