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This thesis discussed about low temperature sintering of dielectric ceramics typified by
alumina (A203) and their applications to electronic devices.

Alumina (Al203) has been widely used as a material for electronic devices such as wired
substrates and IC packages because of its high thermal conductivity, high physical strength and
good electrical characteristics. However, due to its high sintering temperature of approx. 1500 °C
or higher, it cannot be co-fired with conductors that have low electrical resistance such as silver
(Ag, m.p. of 961 °C) and copper (Cu, m.p. of 1084 °C) to form a Low Temperature Co-fired
Ceramic (LTCC). Hence, conventional LTCC materials contain a large quantity of glass (approx.
50 % of the total mass) for an achievement of low-temperature sintering, and the majority of
such materials have a shortcoming, namely low thermal conductivity (approx. 2-5 W/mK).
Therefore, the author has studied for the purpose of development of sintering additives capable
of low temperature sintering of alumina with a small quantity of additives, verification of high
thermal conductivities of developed materials, elucidation of sintering mechanism and
application to electronic devices.

A sumﬁ’nary of the conclusions obtained in this study is shown below for each chapter.

In chapter 1, firstly, my own thoughts on the significance of low temperature sintering of
ceramics from a broad perspective was mentioned. Next, targets were set to LTCC materials for
electronic devices application which were the subject of this research, then the properties
required for LTCC materials and the previous research results were described. Finally, unsolved
problems were pointed out and the purpose of this research was clarified.

In chapter 2, development of sintering additives capable of low temperature sintering of
alumina (Al203) dielectric ceramic with a small quantity of additives and discussion for its
sintering mechanism were given. First, by adding 5 mass% of a CuO-TiO2-Nb20s additive,
densification at a low temperature of 935 °C (holding time: 2 h), which is less than the melting
point of Ag, was made possible. Furthermore, by using the CuO-TiO2-Nb205-Ag>0 additive,
which was obtained by addition of Ag:0 to the CuO-TiO2-Nb20s5 additive, further low
temperature sintering of alumina was realized. In other words, it was found that densification can
be performed at a temperature of 835 °C (holding time: 96 h), which is 100 °C or lower than the
melting point of Ag. Next, taking as an example the alumina containing the CuO-TiO2-Nb20s
additive, the sintering mechanism in this system was discussed. The melting temperatures of the
sintering aid and the mixed powder of the sintering aid and alumina were measured. The melting
temperatures were about 970 °C in any compositions and it was found that the melting
temperature was not substantially lowered by the addition of alumina. For general LTCC, it is
said that densification can be achieved by liquid phase sintering through a large amount of
glasses as sintering additives. On the other hand, sintering of alumina in this system was found to
be promoted in the solid state before liquid phase formation (solid-state-activated-sintering).
Furthermore, by measuring the lattice constant of alumina and the additive, and TEM-EDS
analyses of sintered bodies, it is suggested that the solid solution amount of alumina in the
additive is larger than the solid solution amount of the additive in alumina. These obtained
results back up the mechanism of the solid-state-activated-sintering shown above. The thermal
conductivity of the sintered body produced under the condition of 935 °C (holding time: 6 h) was




extremely high as 22 W/mK. Further, good dielectric properties such as & (relative dielectric
constant): 10.2, Qxf (product of dielectric loss and resonant frequency): 47000 GHz, 1r
(temperature coefficient of resonant frequency): -50 ppm/K were obtained.

In chapter 3, co-firing of alumina containing the CuO-TiO2-Nb20s-Ag20 additive developed
in chapter 2 with Ag electrodes was examined to produce laminated devices (dielectric
resonator). It was found to be clarified that the chemical composition of the additive, particularly
the amount of Agz0 in the additive, greatly affects the reactivity with the Ag electrodes. In the
case of a composition with a small amount of Ag>0, disappearance of the Ag electrodes was
observed at the firing temperature of 860 °C, and it was impossible to measure the electric
characteristics. On the other hand, when the amount of Ag20 was increased, disappearance of the
Ag electrodes was not observed at the firing temperature of 860 °C, and the electric
characteristics of the resonator were secured to values equivalent to those of the conventional
LTCC material. From these results, it was possible to demonstrate feasibility of the developed
material as a LTCC device with high thermal conductivity.

In Chapter 4, for the purpose of further lowering the sintering temperature of alumina
containing the CuO-TiO2-Nb20s and the CuO-TiO2-Nb20s-Ag20 additives, effects induced by
changes in the firing atmospheres were examined. As a result of firing by changing the oxygen
partial pressure by controlling the flow rate ratio of N2-Oz, it was found that the oxygen partial
pressure at which density of the sintered body was the highest. Specifically, it was found that the
sintered density reached a maximum value at an oxygen partial pressure lower than 0.21 atm,
which is the oxygen partial pressure of the air atmosphere, and further low temperature sintering
was achieved. In addition, as a result of the cause analyses, it was experimentally clarified that
compatibility between (1) lowering of the melting temperatures of the additive and (2)
production of specific compound (Cu-Ti-Nb-(Ag)-O type Composﬂ:e oxide) was important for
further improvement of sinterability. -

In chapter 5, development of the composition aiming at improving the dielectric properties of
the above-mentioned alumina with additives was examined. One of the important characteristics
required as the LTCC material is that the temperature coefficient of resonant frequency (tr) is
close to zero. However, tr of the alumina with 5 mass% of the CuO-TiO2-Nb20s-Ag20 additive
developed in Chapter 2 was -87 ppm/K, which was negatively larger than that of a single
component of alumina (about -50 ppm/K). Therefore, in order to improve 1, the replacing a part
of alumina with TiO2 having a positive 7 was examined. As a result, it was found that tr can be
controlled by changing the compound to be the second phase. By substitution of 12 mol%, it was
possible to satisfy both good sinterability at 900 °C (holding time: 24 h) and zero 1r value. The
dielectric properties were & 14.8, Q x f: 6200 GHz, t: 0 ppm/K. And the thermal conductivity
was 17 W/mK, which was several times higher than that of conventional LTCC material.

In Chapter 6, the purpose was to apply the additive developed in this research to ceramics
other than alumina. The needle-like titanium oxide, which was crystal-oriented, as a base
material was used to investigate the effect of the additive on degree of orientation, sinterability
and dielectric properties. By adding 5 mass% of CuO-TiO2-Nb20s5-Ag20 additive, lower
temperature sintering of about 380 °C was realized compared to the additive-free sample, while
maintaining a high degree of orientation. Furthermore, the insulation resistance of the sample
with the additive fired at 1000 °C was more than 10* times as high as that of the additive-free
sample and correlation with the fine structure was recognized. This research is merely an
example of titanium oxide, and it can be expected to be applied to various oriented ceramics.

In chapter 7, the results of this research were summarized.
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