
Journal of Advanced Ceramics 
2012, 1(2): 89-99 
DOI: 10.1007/s40145-012-0011-3 ISSN 2226-4108

Review 
 

 

 

Towards rational design of low-temperature co-fired  
ceramic (LTCC) materials 

Ji ZHOU* 

State Key Laboratory of New Ceramics and Fine Processing, Tsinghua University, Beijing 100084, China 

Received May 29, 2012; Accepted June 7, 2012 

© The Author(s) 2012. This article is published with open access at Springerlink.com 

Abstract: High performance low temperature co-fired ceramic (LTCC) dielectrics is highly desired 
for next generation information technology. The rational design is a key issue for the development of 
new LTCC materials. In comparison to the design of conventional electroceramics, more attention 
should be paid on the formation process of the material structure for that of LTCC, in addition to the 
physical properties, due to the special requirement in fabrication processing. In this paper, sintering 
mechanism of three types of LTCC materials, i.e., glass-ceramics, glass ceramic composite, and glass 
bonded ceramics, as well as important factors of their dielectric properties are discussed and 
summarized, and the design strategies for LTCC dielectrics, based on new matrix materials with much 
lower sintering temperature or higher quality, are proposed. As an example for rational design, 
oxyfluoride glass-ceramic based dielectrics, a new class of LTCC materials with low εr, is analyzed. 
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1  Introduction 

Rapid development of information technology industry 
requires high integration of circuits and high density of 
package. With the help of semiconductor science and 
technology, the integration of active components 
doubled every 18 months, according to Moore’s Law. 
However, for the passive components, their integration 
is still a challenge. As a new technology for fabrication 
of monolithic ceramic devices and modules with three 
dimensional integration structures, low temperature 
co-fired ceramics (LTCC) supply a possibility to for 
passive integration and packaging-on-system (SOP), so 
it has resulted in an intensive research and become one 

of the fastest growing segments in the electronics 
industry [1-8]. 

The term ‘low temperature co-fired ceramic’ means 
that the ceramic dielectric structure and conductive, 
resistive, and other dielectric materials are fired in 
same time at a relative low temperature (less than 
900 ℃). This indicates that the materials will fit much 
more rigorous processing requirements in addition to 
their physical properties. The development of LTCC 
technology is still in the early stages. One of the 
bottlenecks is the ceramic dielectric materials. Over 
two decades, researchers paid much attention on the 
development and improvement of the materials, 
hundreds of material systems were reported [9-16]. 
However, only a few systems were commercialized 
and well-used in device products, because it is difficult 
to balance the processing properties, especially the low 
sintering temperature, and the physical properties, such 

 
* Corresponding author. 
E-mail: zhouji@tsinghua.edu.cn 



Journal of Advanced Ceramics 2012, 1(2): 89-99 

 

90 

as the low dielectric loss, of the materials, for the lack 
of well-established and efficient design rule for the 
seeking of the materials. 

In this review, we try to discuss main scientific 
issues involved in LTCC materials and propose some 
strategies for material design based on the basic 
principles of materials science, dielectric physics, and 
solid state chemistry. As a successful example, we 
introduced the design strategy of a new low-    
permittivity LTCC material systemOxyfluoride 
Glass-ceramics. 

2  Physical and processing characters of 
LTCC materials 

The performance requirement for LTCC materials is 
quite similar to that for conventional elecroceramics, 
such as microwave ceramics and package materials 
[17-19]. However, the LTCC technology requires more 
strict processing requirements to the ceramic materials 
[6,10,20-22]，the general requirement are as follows. 

(1) Low sintering temperature: It is believed that 
the main difficulties in the development of LTCC 
materials are not related to their dielectric properties 
but to their sintering behavior and chemical 
compatibility. To produce a module with ceramic 
dielectric materials co-fired with an inner-electrode 
structure and, the sintering temperature must be lower 
than the melting point of the electrode [6,10]. The 
typical metals for LTCCs are those with high electrical 
conductivity (Ag, Cu, Au and their alloys). Among 
them, silver is the most usual choice because it 
possesses highest conductivity and chemical stability. 
The melting point of silver is 961 ℃, so the sintering 

temperatures of LTCC below 900 ℃ or lower are 
strictly required. 

(2) Low dielectric loss: As most of LTCC devices 
are used in high frequency circumstance, such as 
wireless communication products, dielectric loss is 
directly involved in the power consumption and signal 
quality. So the low loss is the key characteristic for 
LTCC dielectric materials [3,6,10,23]. For example, 
the typical loss tangent for Ferro A6 is less than 0.002 
at 10 GHz [10].  

(3) Low thermal expansion, good thermal 
resistance, and high mechanical strength: Electronic 
components and packages undergo heat stress during 
assembly processes such as in solder reflow when the 

components and other electronic parts are mounted on 
them, so it is a concern that the interconnects between 
the board and components will lose their connection 
reliability [4,6]. For LTCC materials, there was a need 
of low thermal expansion, lower thermal resistance, 
and high mechanical strength.  

The exploration of materials satisfying both the 
performance and processing requirements is a big 
challenge for researchers. The development of the 
materials is an interdisciplinary topic involving many 
subjects (as shown in Fig.1). 

3  Material systems  

In order to ensure high sintered density of ceramics in 
low temperature sintering, it is common to add glasses 
or low melting point fluxes to the ceramic system to 
enhance sintering [6]. Based on microstructure, 
especially the state of the glass in the materials, LTCC 
dielectrics can be classified into three classes [24].  

The first class is “Glass Ceramics (GC)”. These 
materials are synthesized by the crystallization of 
glasses, so the glass content in the final materials is 
very high (typical50vol% and varies between 50 and 

80 vol%). The electrical properties in these materials 
are largely dependent on the glass phase, and the 
crystalline phase mainly play a role on enhancing 
mechanical strength and holding physical dimensions. 

The second class of LTCC dielectrics belongs to 
“Glass Ceramic Composites (GCC)”. Glass phase 
content in these materials is ranged from 20 to 50vol%. 
Both phases of crystal grains and glass metrics 
influence their physical properties, among them the 
glasses play the main role in the sintering process and 

Fig. 1  Subjects involved in LTCC materials 
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ceramic filler helps in tailoring the electric parameters, 
mechanical properties, and thermal properties. 

The third class, so called “Glass Bonded Ceramics 
(GBC)”, is relative new class for LTCC, but they are 
much similar to conventional electroceramics, the glass 
content is lower than other two types (about 10% 
vol%). The role of the glass serves as the low 
temperature sintering flux, as well as bonding agent to 
hold the ceramic particles. The dielectric constant of 
this kind of LTCC materials can be tailored in very 
large extent due to the large selection space of ceramic 
system.  

The basic composition and the dielectric constant 
range of three classes of LTCC materials are 
summarized as Fig. 2. Among well-used commercial 
LTCC materials, Ferro A6 belongs to GC [25], whereas 
Du Pont 951 [26] belongs to GCC. Two most 
important material systems are Ca-B-Si-O 
crystallizable wollastonite by Ferro and composites of 
low softening point glasses (e.g., Pb-B-Si-O) and 
Al2O3 developed by DuPont. The composition and 
structure character of other commercial materials are 
listed in Table 1 [6]. 

 
Fig. 2  Composition and dielectric constant of three 
classes of LTCC materials 

For GC based LTCC materials, Ca-B-Si-O glass is 
a popular precursor due to its relative low softening 
point, low dielectric constant (about 6), low dielectric 
losses, and suitable crystallization properties [27-29].  

In the GCC based LTCC systems, alumina was 
considered as an ideal candidate of the ceramic phase 
for their low permittivity, low dielectric loss and good 
thermomechanical performance. Many searchers 
investigated the effect of various glass additions on the 
sintering behavior and microwave dielectric properties 
of alumina [30-34]. Materials based on the composite 
of alumina and Pb-B-Si-O, Ba-Al-Si-O have the 
dielectric constant ranged from 7 to 10, but a little 
higher dielectric losses in compared with Ca-B-Si-O-    
based glass ceramics. 

A few new LTCC material systems with low 
permittivity are reported, such as composition of low-      
softening point glasses and CaSiO3 [35], ZnAl2O4 [36], 
ZnSiO4 [37], and Glass Ceramics of CaF2-AlF3-SiO2 

[38], MgO-Al2O3-SiO2 [39], ZnO-B2O3-SiO2 [40], and 
so on. 

Development of LTCC dielectrics with medium or 
high dielectric constant has much more space and 
freedom in comparison with that of low-permittivity 
materials. Popular strategy for the development of 
these materials is to take the advantage of established 
microwave ceramics with low sintering temperature, 
by add of low-softening point glassed as flux with 
GBC route [41-43]. 

4  Sintering mechanism 

The sintering mechanism plays a key role in 
processing properties of LTCC materials, so a clear 
understanding of the mechanism is critical for the 
rational design of the materials. For three classes of 

Table 1  Commercial LTCC materials 
LTCC supplier Item composition Structure character Dielectric constant 

Kyocera G 55 BSG+SiO2+Al2O3+cordierite GCC  5.0 
Kyocera JHB62 Pb-borosilicate glass+Al2O3+SiO2 GCC  7.9 
Murata BAS BaO-Al2O3-SiO2 GCC  6.1 
Murata CZG CaZrO3+glass GBC 25.0 
NEC MLS-25M Al2O3-B2O3-SiO2 GC  4.7 
NEC MLS-41 Nd2O3-TiO2-SiO2 GBC 19.0 
NEC MLS-1000 PbO-Al2O3-SiO2 GCC  8.0 
NEC GCS78 PbO-BSG glass+Al2O3 GCC  7.8 
Sumitomo LFC CaO-Al2O3-SiO2-B2O3+Al2O3 GCC  7.7 
Matsushita MKE-100 PbO-glass+Al2O3 DCC  7.8 
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materials, the routes for the lowering of sintering 
temperature are different. 

4.1  GC mechanism 

The GC materials start with fully glassy precursors that 
devitrifies almost completely during the sintering 
process, which densifies first, followed by 
crystallization [6,44]. The formation process of their 
structure is as shown in Fig. 3. The physical properties 
of the resulting composition are controlled by the 
degree of crystallization, which can be enhanced by the 
addition of a small amount of crystalline phase acting 
as a nucleating agent. During the heat treatment, when 
the glass is transformed into a glass-ceramic material, 
not only complete densification should be obtained, 
but also sufficient crystallization must be achieved. As 
a result in this approach, optimization of glass–ceramic 
composition and further understanding of the related 
property differences with crystallinity is vital. A 
typical example for CG mechanism is Ferro A6M 
containing CaO-SiO2-B2O3 glass. During firing, the 
crystallites of wollastonite (CaSiO3) are formed, and 
some residual borosilicate glass is also present in the 
sintered product [28].  

In most cases of GC based LTCC systems, the 
formation of crystals in glasses is the heterogeneous 
nucleation, in which the crystals are precipitated from 
some special areas, such as foreign elements and 
surfaces of particles in the glass. Some ions and 
clusters introduced into the base glass as the nucleation 
agent is representative of heterogeneous nucleation. 
For the glasses of silicate, aluminate, and borate, the 
most popular nucleation agent are TiO2 and ZrO2 

[6,10,45], then some transition metal oxide, such as 
Fe2O3, Cr2O3, V2O5 and NiO. However, the 
introduction of these compounds tends to increase the 
dielectric loss of the ceramics.  

Another factor for sintering process is relationship 
between nucleation temperature and nucleation speed, 
and the temperature for crystal growth and its speed [6]. 
As in Fig. 4, nucleation speed I and crystal growth 
speed U show a Gaussian distribution in relation to 
temperature, and at a specific temperature they reach 
their greatest speed. In the case of Fig. 4a, there is a 
big difference between the nucleation peak 
temperature and the crystal growth peak temperature, 
and as neither speed is high, the crystal nuclei formed 
in the glass disappear before the crystal growth 
temperature is reached so that verification is achieved 
easily. On the other hand, in the case of Fig. 4b, I and 
U are close, and at the temperature range where many 
nuclei are generated, crystal growth speed is high so 
that crystals are formed readily in the glass matrix. 
Suitable nucleation agent can promote two peak 
temperatures closer. 

 
Fig. 4  The temperature dependency of nucleation 
speed I and crystal growth speed U ((a): Vitrification 
occurs readily, (b) Crystals are formed readily [46]). 

 
Fig. 3  Sintering process of GC materials 
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4.2  GCC mechanism 

For the GCC route, the starting material consists of 
low softening point glass and crystalline ceramic 
powders. The densification of glass-ceramic has been 
described by a three-stage liquid phase sintering by 
dissolution and particle rearrangement, precipitation, 
and solid state sintering [47], as shown in Fig. 5. The 
selection of glass materials is very important since the 
liquidation of the glass takes a dominant role in the 
viscous flow mechanism among the constituents [6,10]. 
The ceramic particles in the composites dissolve 
slightly in the glass during sintering, although the 
amount is small and the ceramic is characterized by 
lack of grain growth.  

In the formation process of glass/alumina 
composites, alumina particles may play a role in 
improving crystalline process of glasses [6]. If 
borosilicate glass is heat treated, cristobalite crystals 
that have large thermal expansion are precipitated, and 
as well as making control of the thermal expansion of 
the LTCC impossible, they retard the density of the 
material [30]. However, when a composite is formed 
with alumina, precipitation of cristobalites can be 
suppressed, and a composite with a matrix of 
amorphous glass is obtained [31]. The suppression of 
cristobalite precipitation can be considered to be due to 
the alumina diffused into the glass from the alumina 
particles hindering the formation of crystal nuclei. 

Furthermore, with glass, due to the alumina diffusing 
into the glass during firing, anorthites are precipitated 
in the glass resulting in mechanically stronger material 
[48].  

The transition of the glass phase is key factor in the 
formation of GCC materials. The softening point is the 
temperature at which viscosity is poise, and this is used 
as an index of glass fluidity. A common structure for 
based amorphous glass is a network of Si-O modified 
with in which part of the network is segmented and 
non-bridging oxygen is formed. The constituent oxides 
are broadly classified into oxides that make networks, 
modifier oxides that break the network, and 
intermediate oxides that can become oxides of either 
type. Since modifier oxides break the network, they 
lower the softening point of the glass and increase its 
fluidity [6].  

4.3  GBC mechanism 

For the GBC materials, the sintering mechanism is 
quite similar with that of conventional electroceramis 
with liquid sintering process. In which the liquidation 
of the flux is the dominate mechanism, where the flux 
penetrates the three dimensional mesh structure formed 
by the ceramic particles, facilitating the wetting of 
each ceramic particle surface with glass melt [49], as 
shown in Fig.6. Therefore in order to improve the 
sintered density of GBC material, it is necessary to 

 
Fig.5  Sintering process of GCC materials 

 
Fig. 6  Sintering process of GBC materials 
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control the softening point of the glass material, as 
well as its volume and powder particle size to increase 
its fluidity [50]. Furthermore, since the ceramic has the 
effect of an impediment hindering the flow of the glass, 
using ceramic with a large particle size and thus a 
small specific surface area is beneficial from the point 
of view of improving the sintered density. As 
suggested above, factors arising from the 
characteristics of the glass play a very large role in low 
temperature firing [6]. 

The selection of flux is critical in the design of 
GBC materials. Most of fluxes are involved in the 
reaction in the sintering process, not only play a role in 
the formation of the final materials, but may enter the 
crystal grain to affect the electrical properties of 
materials. In common case, it is hopeful the amount 
flux is as little as possible. And ideally, the flux can be 
evaporated once the ceramic structure is formed in the 
sintering process. For dielectric ceramics, borosilicate 
and borate glass, such as glasses of Bi2O3 、

PbO-B2O3-SiO2、PbO-B2O3-ZnO、ZnO-B2O2， and 
BaCu(B2O5) are effective fluxes [51-53], however, the 
introduction of Pb, Bi and B will increase the dielectric 
loss of the materials. Generally, complex flux is more 
effective than single one, but the complexity of the 
composition may induce a decrease in material 
performance.  

5  Dielectric responses in LTCC materials 

LTCC dielectrics are composite structures of glass and 
crystals, their dielectric properties depend on the 
constituent materials in the composite. For a single 
material, the dielectric constant is derived from the 
contribution of electrons, ions, and microstructures 
with regard to polarizability and their dipole 
orientation. The total polarizability of the dielectric is 
the sum of all the polarization mechanism as follows 
[6]. 

(1) Electronic polarization: the polarization that 
occurs due to the shift in gravity centers of between 
electron cloud and atom nucleus while voltage is 
applied. For the ions in glass structures, the bigger the 
ionic radius, the more negative the charge and the 
larger the number of charges, the larger the 

polarizability of the ion.  
(2) Ionic polarization: occurs when the positive 

ions in the crystal relatively displace the anions in an 
electric field.  

(3) Dipole orientation: associated with the dipoles 
formed of the modifier ion and non-bridging oxygen in 
the glass, it is large in glass that includes alkali ions 
and OH - ions.  

(4) Space charge polarization: polarization of 
migrated charges that accumulate in the vicinity of an 
electrode, grain boundaries within the material, and at 
the interfaces of dissimilar materials, without being 
neutralized.  

In a composite, the dielectric constant is determined 
by the dielectric constant and volume fraction of the 
constituent material, and the complex form of the 
constituent material [54].  

The dependence of dielectric loss on composition 
and microstructure is similar to that of dielectric 
constant. Four dielectric loss mechanisms exist in 
LTCC materials [6]:  

(1) Conduction loss: come from electric 
conductivity; 

(2) Dipole relaxation loss: from relaxation 
necessitated when the alkali ion, OH - ion and so on 
reciprocate between the adjacent position due to the 
electric field; 

(3) Distortion loss: from distorts of the crystal or 
network structure due to the electric field, and dipole 
orientation occurs momentarily; 

(4) Ion vibration loss: due to resonance at the 
proper oscillation frequency decided by the mass of 
structural ions and the chemical bonding strength of 
the surroundings.  

Tailoring the dielectric constant and reducing the 
dielectric loss is the most rigorous part in design of 
LTCC materials. Normally, the dielectric constant is 
much easy to control in comparison to the loss, 
especially for the materials with medium or high 
permittivity, because many well-established 
microwave ceramics can be introduced as a ceramic 
phase. Minimization of dielectric loss is a challenge for 
the development of new LTCC materials because of 
the complexity of the loss mechanisms. However, 
some strategies can be followed according to the 
established principles. For example, if alkali is 
substituted with ions that have a large ionic radius such 
as barium and the like in lossy glass that includes ions 
with high ionic mobility such as alkali ions, loss can be 
reduced since the mobility of the ions can be hindered 
[6]. While dielectric characteristics in the microwave 
band are determined by ionic polarization and 
electronic polarization, dielectric loss through 
electronic polarization is small enough to be ignored, 
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and the following equation can be derived from the 
one-dimensional lattice vibration model through ionic 
polarization (qualitatively extensible to three-    
dimensional ion crystals). As the presence of lattice 
defects, impurities and grain boundaries are factors 
that increase it is effective to use raw materials with 
high purity to achieve low dielectric loss, and to aim 
for a microstructure without impurities and without the 
internal micro and macro flaws [55]. 

6  Routes for rational design of LTCC 
materials 

It is shown that the material selection of LTCC 
dielectrics should be restricted by two factors: (1) 
essential property conditions: low dielectric loss, low 
thermal expansion, good thermal resistance, high 
mechanical strength, et al, and (2) processing demand: 
Formation at lower temperature. However, for most 
case, these two requirements are contradictory, and the 
optimum is at a critical point to balance property 
condition and processing demand, as shown in Fig.7. 
The materials composition was selected in a 
compulsory point, so there is no space to be improved, 
modified, and serialized.  

To explore more space for material design, 
breaking above limitations is necessary. Two efforts 
can should be effective: (1) seeking matrix materials 
with lower transmission temperature on condition that 
the physical property requirement can be met (as Fig. 
8a); and (2) increase the performance (e.g., lower the 
dielectric loss) of the matrix materials so that the 
materials can withstand composition adjustment (as 
Fig. 8b). 

 
Fig.7  Composition selection of current LTCC 
materials 

 
(a) lower transition temperature of matrix 

 
(b) increase the performance of the matrix 

Fig. 8  Two route to increase the space of 
composition design of LTCC materials 

Based on the basic principle of materials chemistry, 
dielectric physics, and other will-established theories, 
many strategies to develop new LTCC materials can be 
formulated. For the purpose of decrease of the reaction 
temperature, the selection of nucleation agents in GC 
based LTCC materials, the modulation of the glass 
network by suitable ions in GCC system, and more 
effective flux in GBC materials, et al, should be 
helpful. On other hand, composition design based on 
the polarization mechanism is also feasible.      

7  A successful example: oxyfluoride GC 
system 

LTCC dielectrics with low dielectric constant (εr≦10) 
are most commonly used materials, because signal 
propagation is an important aspects in electronic 
system. In ceramic devices, the propagation delay is 
determined by the dielectric constant of the ceramics: 
Td ∝ εr

1/2 
Although many low εr LTCC dielectrics were 

reported, the commercially available materials mainly 

℃

℃

℃
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belong to two systems: one is a GC system with the 
basic composition of CaO-B2O3-SiO2, developed by 
Ferro, the other is a GCC system based on the 
composite of Al2O3 and low-melting glass developed 
by DuPont and Heraeus. Both of above two systems 
have their own disadvantages. For the former, it is hard 
to change the composition for modification because the 
increase of B2O3 will induce a large increase of 
dielectric loss and decrease of mechanical strength, 
and then an increase of SiO2 cause a dramatic increase 
of sintering temperature. For the later system, even a 
very small increase in the content of low-melting 
glasses (normally borosilicate glassed, soda-lime 
glasses, or lead glasses) from the composite of 
commercially available materials will deteriorate the 
loss property so that the materials can’t meet the 
minimum basic requirement of LTCC. 

One of recent research breakthroughs in low εr 
LTCC dielectrics is oxyfluoride matrixed GC system. 
Developed from a rational design based on the 
principles of solid state chemistry and dielectric 
physics, this materials show a excellent electrical 
properties and a large property tunablity, take the 
advantage of low transition temperature, low dielectric 
loss, and low dielectric constant of the matrix glass [38, 
56-58]. Low-εr LTCC materials with serial dielectric 
constant from 4 to 10 was developed [59-60]. 

The basic strategy for the materials design is the 
modulation of the network of silicon-oxygen 
tetrahedron by the substitution of oxygen by fluorine, 
as shown in Fig. 9. The principles are as follows. 

(1) For the aspect of physical properties, four 
effects of decrease in molecular polarizability of the 
silicon-oxygen tetrahedron network occur due to the 
substitution of fluorine. 

 (a) In the 3D network structure, the tetrahedron 
will be deformed from hybrid orbit of SP3 to a more 
flatten, lass polarizable SP2 orbital hybridization, 
owing to the substitution of oxygen by a atom with 

higher negativity; 
(b) Si-F bond possesses a lower polarity than Si-O 

bond, so the substitution cause a decrease of 
polarizability of the single bond; 

(c) Remaining SiOH in silicon-oxygen tetrahedron 
is a main origin of polarization, and the substituted 
fluorine tend to replace and remove OH, so, decrease 
the concentration of radicals; 

(d) Because the ionicity of Si-F band is weaker than 
Si-O bond, the contribution of electrons in the 
polarization decreases with the introducing of fluorine.  

(2) On the other hand, the substitution of oxygen by 
fluorine can increase the processing performance in 
two aspects: 

(a) Replacement of networking Si-O bonds by 
non-networking Si-F bands decrease the continuity of 
the glass network, so induce a decrease of transition 
temperature of the glass; 

(b) As an effective nucleation agent, fluorine 
promotes the nucleation process in relative low 
temperature.  

Based on above consideration, an oxyfluoride 
matrixed LTCC material is designed. However, it is not 
easy to prepare oxyfluoride ceramics by conventional 
sintering process because the reaction of silicon and 
fluorine tend to produce volatile SiF4. Then a novel 
synthesis technique was developed to prepare 
oxyfluoride glass, in which AlF3, the precursor of 
fluorine, and SiO2 was melt at very high temperature to 
form aluminosilicate oxyfluoride glass. This final glass 
is the main composition for the precursor of LTCC. 
With the addition of some metal oxide, a series of high 
performance low εr LTCC materials were developed. 
The final dielectrics are the GC system with Al2O3 or 
aluminate as the crystalline phase, however, GCC 
system can also be explored based on oxyfluoride glass 
with the addition of modified ceramic phase. 

With the strategy of oxyfluoride matrix material, 
the contradiction between high performance and 
low-sintering temperature in low εr LTCC materials 
was solved, a much larger space for the tailor of 
material properties is explored. 

8  Concluding remarks 

High performance LTCC materials are highly 
demanded for the development of electronics 
technology. Further breakthrough lies in the design of 
new matrix materials with much lower sintering 

 
Fig. 9  Modulation in structure of silicon-oxygen 
tetrahedron by the substitution of oxygen by fluorine 
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temperature or higher quality. A clear understanding of 
the sintering and polarization mechanism is the critical 
for rational design of the materials, and an 
interdisciplinary research across solid state chemistry, 
dielectric physics, and the science and technology of 
glasses, ceramics, and crystals will be necessary for 
this purpose. 
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