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Abstract

The sintering temperature of BaTiO; powder was reduced to 900 °C due to the ZnO-B,03;-Li, O-Nb,0s—Co0,0; addition. Excellent densification
was achieved after sintering at 900 °C for 2 h. The low sintering temperature of newly developed capacitor materials allows a co-firing with pure
silver electrodes. The dielectric constant and the temperature stability of the dielectric constant are strongly correlated with the composition of
the ZnO-B,0;-Li,0 additives. A high dielectric constant up to 3000 and a dielectric loss less than 0.024 were measured on multilayer capacitors

sintered at 900 °C with silver inner electrodes.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Low temperature co-fired ceramics (LTCC) must be sintered
at temperatures below 900 °C which allows the use of low resis-
tivity and low cost silver conductors. Integration of passive
components such as capacitors into the LTCC module elimi-
nates many solder joints and wire bonds and is required for
the miniaturization of electronic packaging. However, commer-
cially available barium titanate based ceramic powders, which
are mostly used for capacitor manufacturing are sintered at
temperatures above 1000 °C. Hence, it is required to develop
capacitor materials which can be fully densified at a sintering
temperature below 900 °C.

In general, there are several methods to lower the sintering
temperature of ceramics, such as addition of glasses or oxides
as sintering aids, chemical processing and using smaller parti-
cle size of the starting materials.'In this paper, the addition of
sintering aids as the more commonly used method is discussed.

Many authors have investigated the low-temperature
sintering of BaTiOsz-based ceramics.”> Various types of
sintering aids, such as LiF-containing additives,>* Li,O-
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containing additives,> several borosilicate glass powders,%’
Zn0O-B,03, CdO-B,03;, CaO-B,03, Bir03-B,03%? and
Ca0-Al,03-B,03 compositions]0 have been used to decrease
the sintering temperature of BaTiO3. However, the addition of
sintering aids often results in the degradation of dielectric prop-
erties of BaTiOs3. Therefore, the choice of a suitable sintering aid
composition which can reduce the sintering temperature below
900 °C without deterioration of dielectric properties of the host
material is important. The desirable dielectric properties include
a high and almost temperature-independent dielectric constant
and a low dielectric loss.

In order to achieve a high dielectric constant, it is important
that the sintered body is as free as possible from low-dielectric-
constant second phases. A key step is to find sintering aid
compositions that permit limited grain growth during sinter-
ing. During grain growth, certain ions from the low melting
phase were found to be incorporated into the barium titanate lat-
tice modifying the ceramic properties and reducing the volume
fraction of the low-dielectric-constant phase.’

The flux systems in this study were chosen from combina-
tions of B,O3 with modifiers such as Li; O and ZnO because of
many low melting compositions containing these compounds
and partially solubility of LiO and ZnO modifiers in bar-
ium titanate perovskite.8 Nb;Os and Co,0O3 were added to
improve the dielectric properties. We investigated the influence


dx.doi.org/10.1016/j.jeurceramsoc.2010.10.003
mailto:h55zadeh@yahoo.com
dx.doi.org/10.1016/j.jeurceramsoc.2010.10.003

590 H. Naghib-zadeh et al. / Journal of the European Ceramic Society 31 (2011) 589-596

Zn0O

@ HDKIA]
® HDK[B]
HDKIC]

Li0 § ' ' ‘ ' } B2Os

0.2 04 0.6 08
Mol %

Fig. 1. Composition of ZnO-B,03-Li;O flux in HDK[A], HDK[B] and
HDKIC].

of ZnO-B,03-LipO-Nb,05—-Co0,03 compositions on the sin-
tering behaviour and dielectric characteristics of commercially
available BaTiO3-powder.

2. Materials and methods

The starting powders were high-purity BaTiO3 with an aver-
age particle size of 0.7 pm (ABT-O-21, Ferro Corp., Uden,
Netherlands), ZnO (Chemapol, >99.5%, Prag, Czech Repub-
lic), Li,CO3 (UCB, >99%, Brussels, Belgium), B,O3 (Merk,
>99.5%, Darmstadt, Germany), Nb,Os (Roth, >99.9%, Karl-
sruhe, Germany) and CoyO3 (Alfa Aesar, >99.7%, Karlsruhe,
Germany). Three different compositions from ZnO-B,03-Li, O
flux system (3.5 wt%) were chosen and mixed/milled for 3 h
with barium titanate and 1.5 wt% pre-calcinated Nb, O5—Co0304
(Nb:Co=2:1) in ethanol by attrition milling (4V1M, Netzsch
GmbH, Selb, Germany) using 2 mm diameter zirconium oxide
balls. The dried powders were then uniaxially pressed and sin-
tered at 900 °C for 2h. The three new capacitor materials will
be addressed in this work as HDK[A], HDK][B] and HDK]C].
B,03-content in ZnO-B,03-Li, O flux increases from HDK[A]
to HDK|[B] to HDK[C] while Li,O- and ZnO-contents decrease
(Fig. 1). For preparation of ceramic tapes, the prepared pow-
ders were mixed with suitable solvent, dispersant, plasticizer
and binder for about 20h to form a slurry. Tapes were then
casted by doctor blade method. After screen printing of silver
electrodes the tapes were stacked and laminated at 75 °C under
30 MPa pressure. The laminates were then debindered at 550 °C
and subsequently sintered at 900 °C for 2 h in the air.

The coefficient of thermal expansion (CTE) and the shrinkage
behaviours were measured using a dilatometer DIL802 (Béhr
GmbH, Hiillhorst, Germany). The heating rates for dilatometric
measurements were 5 K/min. Bulk density and open porosity
were determined by Archimedes and water saturation methods.

XRD measurements were processed with PW 1710 powder
diffractometer (Philips, Eindhoven, Netherlands). Microprobe
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Fig. 2. Shrinkage behaviour of pure and additives containing BaTiO3 measured
with heating rate of 5 K/min.

analyses were carried out on a JXA-8900 RL (JEOL Ltd.,
Tokyo, Japan) electron microprobe. The microstructure of the
samples was characterized by scanning electron microscopy
(SEM, ZEISS Gemini Supra 40, Oberkochen, Germany) and
transmission electron microscopy (JEM-2200FS, JEOL Ltd.,
Tokyo, Japan) equipped with energy dispersive X-ray (EDX)
spectrometer for element analysis. TEM-specimen preparation
was performed by focused ion beam technique (FIB, FEI Strata
200xP, Eindhoven, Netherlands). The dielectric properties were
measured using an impedance analyser HP 4194A (Hewlett
Packard Co., Santa Clara, CA, USA).

3. Results and discussions

Fig. 2 shows the linear shrinkage of a pure BaTiO3 sam-
ple compared to HDK[A] and HDK][C]. Pure BaTiO3 starts to
shrink at about 1100 °C and densification is completed at about
1340 °C while HDK[A] and HDK]C] start to shrink at about
750 °C and 700 °C, respectively, and densification is completed
at about 940 °C. Additives containing BaTiO3 samples can be
densified at about 400 K below the sintering temperature of pure
BaTiOs.

The properties of sintered ceramics are listed in Table 1.
Excellent densification and high dielectric constant were
obtained for HDK[A] sintered at 900 °C for 2 h. The bulk density
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Fig. 3. CTE-curves of pure BaTiO3 and HDKJ[C].
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Table 1
Properties of pure and additive containing BaTiO3 ceramics.
Samples Additives [wt.%] Sintering Open porosity Densification CTE & (25°C, tand (25°C,
temperature [%] [%] (100-400°C) 1kHz) 1kHz)
[°C] [ppm/K]
Pure BaTiO3 - 1300 0.8 98 11 2500 0.03
HDKI[A] 5 (Zn-B-Li-Nb—-Co-0O) 900 0.8 98 - 2370 0.03
HDKIB] 5 (Zn-B-Li-Nb-Co-O) 900 3 94 - 1790 0.04
HDKIC] 5 (Zn-B-Li-Nb—-Co-0O) 900 5 93 12.3 1280 0.03

was 98% of the theoretical density and the dielectric constant (¢,
was 2370. The densification and the dielectric constant decrease
with the increasing of B,Os-content in ZnO-B;03-Li>O flux
system from HDK[A] to HDK[B] to HDKJ[C]. For the uniaxially
pressed samples of HDKJ[C] a densification of about 93% and
dielectric constant of 1280 was measured.

Fig. 3 shows CTE curves for pure and additives containing
BaTiO3. The cubic-tetragonal transformation and the corre-
sponding change in the relative expansion at a temperature close
to 130 °C, which is observed for pure BaTiOs3, is absent for
HDK]C]. Therefore, the calculated values of CTE (100—400 °C)
for additives containing BaTiO3 are higher than those for pure
BaTiOs as listed in Table 1.

Fig. 4. SEM micrographs of (a) HDK[A] and (b) HDK[C] ceramics sintered at
900°C.

SEM analysis of HDK[A] ceramic revealed a non-uniform
distribution of grain sizes with partially very large grains
(Fig. 4a). In contrast, SEM micrograph of HDKJ[C] ceramic
showed a uniform distribution of grain sizes with average grain
size of about 0.7 pm as shown in Fig. 4b.

TEM micrograph of HDK[C] shows the ferroelectric domain
structure in the core part of the many grains surrounded by a
featureless area called ‘shell’ (Fig. 5). The shell is paraelec-
tric and free from domain wall contrast. The shell region forms
as a result of the substitution of additive ions into the BaTiO3
structure. !l As expected, the concentration of additive ions such
as niobium, cobalt and zinc in the shell is much higher than in
the core as shown in the EDX analysis of a BaTiO3 crystal with
core—shell structure (Fig. 6). This observation is consistent in
all core—shell regions. The small EDX counts of additive ions in
the core (Fig. 6b) are probably caused by the underlying shell
region. This ‘core—shell’ structure has a significant effect on
the dielectric properties of the materials especially on tempera-
ture dependency of the dielectric constant. The residual glassy
phase is located at triple-grain junctions as shown in Fig. 7. EDX

Fig. 5. TEM micrograph of HDK[C] ceramic showing the core—shell structure.
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Fig. 6. TEM micrograph of HDK[C] ceramic (a) and the corresponding EDX
analysis of niobium, cobalt and zinc (b).

spectrum obtained from a triple-grain junction reveals the high
concentration of additives such as Zn, B and Co (Fig. 7b).
TEM micrograph of HDK[A] is shown in Fig. 8. The
core—shell structure is observed only in a few grains of HDK[A],
with comparatively small core area. The core—shell structure can
be also demonstrated by the EDX mapping of niobium in Fig. 9.
The higher concentration of niobium in the grain boundary areas
of some grains exhibits the shell-structure for these grains. In
some other large grains, however, a uniform distribution of nio-
bium is observed. Cobalt ions are mostly located in triple-grain
junctions, where the residual flux with a high concentration of
zinc is detectable. The element mapping of barium and zinc
exhibits the presence of barium ions in the border areas of zinc-
rich flux. It is assumed that during liquid phase sintering BaTiO3
particles dissolve completely or partially into the liquid phase.
After saturation of the melt with BaTiO3, the reprecipitation
process starts. During reprecipitation process the undissolved
BaTiOs3 particles grow by precipitation of perovskite contained
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Fig. 7. TEM micrograph from a triple-grain junction of HDKJ[C] (a) and the
corresponding EDX spectra for triple-grain junction (1b) and BaTiO3; grain
(2b); Cu and Ga peaks are artefacts of sample preparation and support grid,
respectively.
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Fig. 8. TEM micrograph of HDK[A] ceramic.



H. Naghib-zadeh et al. / Journal of the European Ceramic Society 31 (2011) 589-596 593

concentration

Fig. 9. EDX mapping of elemental distribution of niobium, cobalt, zinc and barium in HDK[A].

additives from the melt and form the core-shell structures.!?

The larger grains with uniform distribution of niobium, on the
other hand, are additive containing perovskite which precipi-
tate directly from the melt. The high proportion of these large
grains in HDK[A] shows that many BaTiO3 particles dissolved
completely into the melt during solution-reprecipitation process
which means that a strong interaction between BaTiO3z par-
ticles and the (ZnO-B;03-Li;O-Nb,Os5-Co,03)-additives in
HDKJ[A] occurred.

The XRD patterns of sintered specimens are shown in Fig. 10.
The crystalline phase of pure BaTiO3 at room temperature
is tetragonal. As shown in the XRD pattern of pure BaTiO3,
the characteristic peak splitting of the (2 00)/(0 02) reflections,
which indicates a tetragonal phase, is observed. Additives con-
taining BaTiO3 ceramics do not exhibit this characteristic peak
splitting, indicating suppression of the tetragonal structure in
favour of a cubic modification of BaTiO3. This observation
agrees well with the CTE results.

For the absence of tetragonal phase of the BaTiO3z-core in
the XRD pattern of additives containing BaTiO3 ceramics, it is
assumed that the lattice of the tetragonal core of the grain is
distorted into a pseudo-cubic structure by stresses imposed by
the cubic shell.'> Hence, the main crystal phase in the XRD
pattern of additives containing BaTiOs3 is the cubic phase.

Despite the presence of the sintering additives no formation
of new crystalline phases was observed in the XRD-analysis
of additives containing BaTiO3 ceramics. This observation
approves the TEM evidences, which showed that during liquid
phase sintering additives are incorporated into the perovskite or
as a residual glassy phase located at triple points.

Fig. 11 illustrates the temperature dependence of the dielec-
tric constant for pure and additives containing BaTiO3 ceramics.
The value of the ferroelectric Curie temperature (7,) for addi-
tives containing samples is much lower than that for pure BaTiO3
which is about 130°C and the dielectric constant exhibits a
broadened and diffuse ferroelectric—paraelectric phase transi-
tion for additives containing samples. It is supposed that the
substitution of titanium by niobium, cobalt and zinc in the shell
regions of BaTiO3 grains is responsible for this behaviour.”-!#
The temperature dependence of the dielectric constant decreases
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Fig. 10. XRD patterns for pure and additives containing BaTiO3 ceramics.
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Fig. 11. Temperature dependence of the dielectric constant for pure and additives
containing BaTiOs.

when the B,O3-content is reduced in the ZnO-B,03-Li, O flux
system from HDK[A] to HDK[B] to HDK[C]. The temperature
coefficient of capacitance (TCC) for HDK[C] in the measured
temperature range between -40 °C and 125 °C fits well into the
X7R specification, i.e., capacitance change of <+15% over the
temperature range of —55 °C to 125 °C (Fig. 12). The formation
of the ‘core—shell’ structure in a fine-grained microstructure of
sample HDK[C] causes the low TCC in this material. L1513 con-
trast to that, a strong grain growth during sintering in HDK[A]
causes the higher TCC.

Fig. 13a shows a cross-section of multilayer capacitors of
HDK]C] co-fired with pure Ag-electrodes at 900 °C. No delam-
inations or cracks are observed in the silver/ceramic interfaces.
The microprobe element analysis of silver in Fig. 13b shows no
evidence of any interfacial reaction between the dielectric layer
and the Ag-electrode or Ag-diffusion in the dielectric layer.

The properties of HDK[A] and HDK[C] laminated tapes
(without inner electrodes) compared to uniaxially pressed sam-
ples of the same materials sintered at 900 °C are listed in Table 2.
The densification of the laminates after sintering at 900 °C is
higher than pressed samples. Higher densification of the lami-
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Fig. 12. TCC for additives containing BaTiO3 sintered at 900 °C.
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Fig. 13. The cross-section of HDK[C]-multilayer capacitor co-fired with Ag
inner electrodes (a) and the corresponding microprobe analysis of silver (b).

nates in comparison with pressed samples is probably because
of the higher green density and better homogeneity of the green
tapes due to about 20h additionally preparation time of the
powders in organics during slurry manufacturing for tape cast-
ing. The higher densification of sintered laminates causes the
higher dielectric constants and lower dielectric losses compared
to pressed samples of the same material. HDK[A]-laminates
show a high dielectric constant (g,) of about 3000 at 25 °C and a
dielectric loss (tan §) of about 0.024. The dielectric constant and
the dielectric loss for HDK[C]-laminates are 1600 and 0.015,
respectively.

Fig. 14 illustrates the TCC for HDK[A]- and HDK][C]-
laminates compared to pressed samples of the same material in
the temperature range between —20 °C and 125 °C. The results
of TCC for uniaxially pressed samples can be quite well repro-
duced in laminates.
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Properties of additive containing BaTiO3 ceramics as pressed samples and as laminated tapes.
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Samples Sintering temperature [°C] Uniaxially pressed samples/Laminated tapes
Bulk density Open porosity Densification & (25°C, 1 kHz) tan 8 (x1073)
[g/cm3] [%] [% of theor. density] (25°C, 1kHz)
HDKIA] 900 5.67/5.73 0.8/0 98/99 2370/3000 30/24
HDKIC] 900 5.27/5.69 5.0/0.8 93/98.5 1280/1600 30/15
90| — taminates turing, therefore the breakdown strength was measured on thin
75 pressed samples capacitor tapes with co-fired silver electrodes. The dc dielec-
60 [ tric strength of sintered HDKJ[A] tapes with a thickness of
a5 about 105 pm is 14 kV/mm and the dc dielectric strength of sin-
30 - tered HDK[C] tapes with a thickness of about 115 wm amounts
15 TR to 8kV/mm. The high dielectric strength of both materials
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Fig. 14. TCC for laminates and uniaxially pressed samples of HDK[A] and
HDK]IC] sintered at 900 °C.

Fig. 15 shows the effect of frequency on the capacitance and
the dielectric loss for HDK[A] and HDK][C] capacitors. The
capacitance decreases slightly over the investigated frequency
range (103 to 10° Hz) while the dielectric loss increases slowly.
The HDK[A] and HDK[C] capacitors are applicable at frequen-
cies up to 10% Hz because of very low capacitance change in this
frequency range.

The breakdown strength is an important parameter for high-
voltage capacitors. It is well known that the dielectric breakdown
phenomenon of dielectrics is structure-sensitive, and breakdown
strength values scatter widely according to the characteristics of
the microstructure and thickness of dielectric materials.'® Thin
capacitor tapes are normally used for the capacitor manufac-
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Fig. 15. Frequency dependence of the capacitance (continuous lines) and the
dielectric loss (dashed lines) for HDK[A] and HDK[C] ceramics measured at
room temperature.

indicates that flux addition has no significant influence on dete-
rioration of breakdown strength. The lower dielectric strength
of HDK][C] is probably because of higher porosity (discharge
breakdown'”) of this material compared to HDK[A] (Table 2).

4. Conclusions

An addition of ZnO-B;03-Li;O-NbyO5—Co0,03 composi-
tions to BaTiO3 lowered the sintering temperature to 900 °C.
The material can be fully densified after sintering at 900 °C for
2 h. The dielectric properties were found to strongly depend on
the composition of ZnO-B,03-Li,O flux system. By increasing
of B,O3 content in the ZnO-B,03-Li, O flux system the dielec-
tric constant at room temperature decreases, but the temperature
stability of the dielectric constant improves considerably. The
newly developed capacitor materials exhibit the dielectric con-
stant up to 3000 and the dielectric loss less than 0.024.

Excellent densification without any interfacial reaction
between the dielectric layers and the Ag-electrode was obtained
in multilayer capacitors sintered at 900 °C, which is promising
for integration of buried capacitors into LTCC substrate.
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