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(57) ABSTRACT 

A glass-ceramic is provided having athermal expansion coef 
ficient in a range of 3-6 ppm/°C., a dielectric constant that is 
less than 5 and a Quality factor Q of at least 400. The glass 
ceramic consists essentially of SiO, in a range of 45-58 wt %, 
Al-O in a range of 10-18 wt % and MgO in a range of 10-25 
wt %. A method of making the glass-ceramic is also provided. 
Further, an electronic package is also provided, including a 
base member and a glass-ceramic Substrate bonded to the 
base member. 
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LOW LOSS GLASS-CERAMIC MATERIALS, 
METHOD OF MAKING SAME AND 

ELECTRONIC PACKAGES INCLUDING 
SAME 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a divisional of U.S. application 
Ser. No. 11/084,722, filed Mar. 18, 2005, now issued, and also 
claims the benefit of U.S. Provisional Application Ser. No. 
60/585,689 filed Jul. 6, 2004, the entireties of which are 
incorporated herein by reference. 
0002 This application is related to copending U.S. Pat. 
No. 7, 186,461 (Attorney Docket No. 851 019 NP), issued 
Mar. 6, 2007, entitled “GLASS-CERAMIC MATERIALS 
AND ELECTRONIC PACKAGES INCLUDING SAME, 
which claims the benefit of U.S. Provisional Application Ser. 
No. 60/574,828 filed May 27, 2004 and U.S. Provisional 
Application Ser. No. 60/585,743 filed Jul. 6, 2004, the entire 
ties of which are incorporated herein by reference. 

FIELD OF THE INVENTION 

0003. The present invention relates to glass-ceramic mate 
rials for use in high frequency (i.e., gigahertz range) elec 
tronic applications, a method of making a glass-ceramic Sub 
strate and various ceramic packaging assemblies including 
glass-ceramic materials for use in high frequency electronic 
applications. 

BACKGROUND OF THE INVENTION 

0004 Known multi-layered ceramic circuit boards are 
typically fabricated by forming layered Stacks of ceramic 
dielectric tape, which are typically known as green tapes or 
green sheets. The green tapes typically comprise a ceramic 
material powder and/or glass powder that is mixed with Suit 
able organic binders or resins, solvents, plasticizers and Sur 
factants and formed into a tape. The process for making high 
density multi-layer circuit boards typically involves forming 
a plurality of pre-fabricated green tape layers having via holes 
punched therein, applying or printing circuit patterns on the 
layers using a conductive ink, i.e., a mixture of a conductive 
metal powder and a non-metallic powder including a glass 
and/or a ceramic in a solvent/binder mixture, filling the Vias 
with the conductive ink so that the various circuit layers can 
be connected to one another through the thickness of the 
circuitboard, and laminating the green tape layers together by 
pressing the layers into a stack. The stacked layers are then 
fired at a temperature exceeding 700° C. to burn off organic 
materials and to densify the green tape material to form a 
sintered glass and/or ceramic. 
0005. The sintered glass and/or ceramic circuit boards are 
typically quite fragile, however, and in order to impart addi 
tional mechanical strength to the laminated board, the circuit 
boards are often attached to one or both sides of a suitable 
Support Substrate, or core material. In addition, it may be 
desired to mount active, heat generating devices such as inte 
grated circuits onto a high thermal conductivity member 
made of a metal or certain ceramics (e.g., AlN. SiC, etc.). In 
Such situations, the glass and/or ceramic Substrates are typi 
cally joined to the Support structure via a solder-type bonding 
procedure, which is performed at low temperatures that are 
much less than the sintering temperature of the glass and/or 
ceramic Substrate. Hereinafter, applications involving sin 

Oct. 9, 2008 

tered Substrates that are Subsequently joined to a Support core 
or other member are referred to as non-co-fired applications. 
0006. It is also possible to join a greenlaminated structure 
with a Support member or other component as the green 
laminate is sintered. That is, the green laminated structure is 
first adhered to a support member and the structure is then 
fired to a temperature that is sufficient to (1) remove the 
organic materials from the green tapes and the conductive 
inks, (2) sinter or densify the particles of the green tape 
composition and the metal particles of the conductive inks to 
form a sintered multi-layer ceramic and/or glass body, and (3) 
sufficiently adhere the sintered multi-layer body to the Sup 
port Substrate. Hereinafter, applications involving green 
laminated structures that are fired with a Support core are 
referred to as co-firing applications. 
0007. In both co-fired and non-co-fired cases, once bond 
ing and densification have occurred, it is important that the 
sintered multi-layer body and the cooperating Support struc 
ture have reasonably compatible thermal expansion charac 
teristics, preferably closely matched thermal expansion coef 
ficients. In most cases, however, the thermal expansion 
coefficient (hereinafter TEC) of the glass and/or ceramic 
laminate material does not closely match that of the Support 
substrate or core on which the laminates are provided. 
0008. This thermal expansion mismatch problem is an 
important issue with low temperature co-fired ceramics 
(herein after LTCC) that are known in ceramic packaging 
applications, where a green laminated structure is sintered at 
a relatively low temperature after first being adhered to the 
metal Support core. For example, densification of the green 
laminated structures during sintering can produce a large 
degree of volume shrinkage in the ceramic and/or glass mate 
rial, for example, up to about 35-55 percent by volume. If the 
green laminated body is effectively bonded to an already 
dense Support Substrate or core (i.e., a core that does not itself 
shrink during the sintering process), the greenlaminated body 
will be constrained from sintering in the plane of the Support 
substrate/core, which itself does not typically experience den 
sification shrinkage when Subjected to the typical sintering 
temperatures. This can create stresses that can be accentuated 
by the different expansion behaviors of the glass and/or 
ceramic Substrate and the Support member, both during the 
bonding process and in Subsequent use in a thermally active 
environment. 

0009. The difference between the TEC of the material of 
the multi-layer substrate and that of the support substrate or 
core can, indeed, lead to Substantial problems. For example, 
significant stresses can develop, particularly at the bonding 
interface, that lead to warping or other mechanical damage, 
Such as non-adherence to the Support Substrate and misalign 
ment betweenvias that are provided in the multi-layered body 
and the corresponding electrical feed-throughs provided on 
the Support Substrate or core. In severe cases, it is possible that 
the multi-layer substrate will even separate from the support, 
thus rendering the device unacceptable for use. 
0010 For example, most conventional, commercially 
available LTCC tapes have a TEC on the order of 6 to 8 ppm/° 
C. This often does not closely match the TEC of commonly 
used metal Support cores, including laminated Copper-Mo 
lybdenum-Copper support cores and KOVAR(R) support 
cores. For example, a typical laminated Cu/Mo/Cu (13/74/ 
13) support core has a TEC from room temperature to 300° C. 
(hereinafter Coo) of about 5.3 ppm/°C. and, when plated 
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with Ni, the laminated Cu/Mo/Cu(13/74/13) support core has 
an Coo of about 5.75 ppm/°C. For KOVARR, the Coo 
is about 5 ppm/°C. 
0011. It is also important that the TEC of the sintered 
multi-layer glass and/or ceramic Substrate closely matches 
that of the structure to which it is bonded in non-co-firing 
applications, as well as in stand-alone substrate applications, 
where the multi-layer glass and/or ceramic Substrate is 
bonded to, or installed in connection with, another member or 
device, as mentioned above. That is, is desirable to prevent 
thermal and mechanical stresses from arising when the final 
structure is used in the intended applications, which typically 
include temperature cycling environments. 
0012 For the reasons explained above, it would be desir 
able to provide a material for a multi-layer substrate that has 
a TEC that closely matches, or that can otherwise be easily 
tailored to match, that of the intended support core or base 
member to which the multi-layer substrate is to be joined or 
otherwise installed. 
0013 Most ceramic and glass materials that have a suit 
able TEC, however, do not also have a suitably low dielectric 
constant (K) and low loss tangent (or high Q factor), which 
makes these ceramic materials less desirable for high fre 
quency electronic applications. Along those lines, most 
ceramic and glass materials having a Suitably low dielectric 
constant and high Q factor do not have a suitable TEC, and in 
particular, the TEC often cannot be tailored to achieve a closer 
match to that of the base structure to which the multi-layer 
substrate is to be bonded. 
0014. It would be more desirable, therefore, to provide a 
multi-layer substrate material that has a desirable TEC along 
with desirable electrical properties, such as a very low dielec 
tric constant (K) and a high Q factor, that is, 1/loss tangent. 
0015. In addition, it would also be desirable to provide a 
material for a multi-layer substrate that is sufficiently densi 
fied at relatively low sintering temperatures, e.g., attempera 
tures less than 950° C., and that can be suitably provided with, 
and co-fired with, relatively low melting-point, low resistance 
metals, such as Ag, Cu and Such alloys, especially for LTCC 
type applications. Most ceramic and some glass or glass 
based materials, however, require significant heat-treatment 
at temperatures exceeding 950° C. in order to achieve suffi 
cient densification and the desired electrical characteristics. 
When higher processing temperatures are involved, however, 
metals having a higher melting-point need to be used, espe 
cially for electronic applications that involve high frequen 
cies (i.e., up to 60 GHz). 

SUMMARY OF THE INVENTION 

0016. It is an object of the present invention to provide a 
glass-ceramic that is suitable for use as a multi-layer Substrate 
in high frequency electronic packaging applications such as 
low temperature co-fired ceramic (LTCC) applications, co 
fired ceramic on metal applications (i.e., a metal-ceramic 
Substrate with wiring and attached active and passive circuit 
elements) and thin-film metallized glass-ceramic packages 
bonded to assemblies or Substrates made of ceramic or metal, 
for example. It is also an object of the present invention to 
provide an electronic packaging assembly including Such 
glass-ceramics. Additionally, it is an object of the present 
invention to provide a glass-ceramic material that is suitable 
for stand-alone Substrate applications, such as a substrate 
with thin-film wiring, for use in high frequency electronic 
applications. 
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0017. The glass-ceramic material according to the present 
invention has a thermal expansion coefficientina range of 3-6 
ppm/°C. This TEC range either closely matches, or can easily 
be tailored to better match, that of the desired support core or 
base material to which the multi-layer ceramic substrate is to 
be joined. The glass-ceramic material according to some 
embodiments of the present invention are sufficiently densi 
fied when sintered to a relatively low temperature of about 
900-950° C., have a low dielectric constant of less than 5, 
preferably less than 4.75, and also has a very low loss tangent 
(i.e., a high Q factor of greater than 400, more preferably, 
greater than 500, and even more preferably, greater than 550). 
0018 When fired at higher sintering temperatures, and in 
some cases, with the addition of a high TEC additive such as 
quartz, the glass-ceramic material according to Some embodi 
ments of the present invention exhibits a very high Q, low K, 
and a slightly higher TEC in a range of 4-6 ppm/°C. 
0019. According to one embodiment of the present inven 
tion, a glass-ceramic is provided having a thermal expansion 
coefficient in a range of 3-6 ppm/°C., a dielectric constant in 
a range of less than 5 and a Quality factor Q of at least 400. 
The glass-ceramic of the present invention consists essen 
tially of SiO in a range of 45-58 wt %, Al-O in a range of 
10-18 wt % and MgO in a range of 10-25 wt %. SiO, Al-O, 
and MgO constitute the core composition. It is also preferred 
that the glass-ceramic further includes at least one of B.O. in 
an amount up to 10 wt %, P.O.s in an amount up to 7 wt %, and 
up to 10 wt % GeO. Preferably, the composition of the 
glass-ceramic of the present invention contains 48-57 wt % 
SiO, 14-18 wt % Al-O, and 18-25 wt % MgO. 
0020. The glass-ceramic according to several embodi 
ments of the present invention include cordierite, cristobalite, 
quartZ, or a combination of these phases, as a main crystal 
phase. In some cases, minor crystal phases of cristobalite, 
quartz, enstatite are also present. It should be noted, however, 
that when one phase is designated as the main phase, it is not 
also considered to be a minor phase. In the context of the 
present invention, the phrase “main crystal phase' refers to a 
crystal phase that is present in an amount that is greater than 
any other phase. Minor phases are crystal phases that are 
present in a lesser amount, which is typically less than about 
25%. The presence of such main and minor crystal phases is 
determined by XRD analysis. 
0021. The glass-ceramic of the present invention can be 
provided in a powder or particulate form that can be easily 
processed. That is, the glass-ceramic can be easily processed 
into green multi-layer laminates by mixing the glass-ceramic 
powders with casting additives and tape casting the slurry into 
a green tape that can be made into a plurality of individual 
green sheets that can be provided with metallurgy, Such as 
printed circuitry patterns, and then stacked (layered), lami 
nated and heat-treated at a low temperature to remove organ 
ics and the like to form a green multi-layer structure. Other 
batching and forming methods, including but not limited to 
roll compaction methods, for example, can also be used to 
produce the green multi-layer structure. The green multi 
layer structure can then be fired at a sintering temperature 
between 900 and about 1100° C., depending upon the par 
ticular composition and ultimate application, or alternatively, 
the green multi-layer structure can be prepared and adhered to 
a Support core for co-firing applications. 
0022. The glass-ceramic according to the present inven 
tion can readily be used in a wide variety of high frequency 
electronic applications at frequencies up to about 60 giga 
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hertz by virtue of the low dielectric constant and high Q 
factors. Since the glass-ceramic according to the present 
invention can be thermally processed and compositionally 
adjusted to have a desirableTEC range while maintaining the 
desirable high frequency electrical characteristics of a very 
low dielectric constant (K) and very high Q, it can be used in 
connection with a variety of members made of a variety of 
materials in both co-firing and non-co-firing applications. It 
should be noted, however, that non-co-firing applications are 
favored when the glass-ceramic is sintered at temperatures 
exceeding 1000°C. in order to achieve the desired electrical 
characteristics. 

0023 Examples of such members include metal cores or 
metal supports made of KOVARR) or Cu/Mo/Cu, for use in 
heat sink applications, for example. The glass-ceramic 
according to the present invention can also be bonded with 
active components, such as certain integrated circuits that are 
built, for example, on gallium arsenide or silicon bases, as 
well as other silicon Substrates and gallium arsenide mem 
bers. 

0024. Further, the glass-ceramic according to the present 
invention is also compatible with a variety of thin-film metals, 
including, but not limited to, Au, Ag, Al, Ni, Pt, Cu, Pd, Fe, Ti, 
Cr, and various alloys thereof, and thin-film processing tech 
niques, such as Sputtering and CVD, as well as thick-film 
processing and "personalization processing.” Personalizing 
the green sheets prior to lamination can involve, for example, 
forming vias and filling the Vias with Suitable via pastes, and 
forming structural features to define cavities and the like in 
the final, laminated glass-ceramic Substrate. Thick-film pro 
cessing typically involves printing signal lines, ground planes 
and the like using conductive inks or pastes, for example. 
Thick-film personalization involving low melting-point met 
als such as Ag, Au and Cu can be applied to individual green 
sheets formed from the compositions according to several 
embodiments of the present invention and co-fired with the 
green laminated structure to relatively low temperatures less 
than 1050° C., more preferably, less than 950° C. 
0025. In some cases, however, the glass-ceramic of the 
present invention is more preferably sintered to temperatures 
between 1000° C. and 1100° C. Here, a metal or metal alloy 
having a higher melting-point than Ag (and in Some cases, 
higher melting-point than Au and Cu) would be required in 
applications involving applying metallurgy to the green 
sheets or green laminated structure prior to sintering. 
0026. According to another embodiment of the present 
invention, an electronic package is provided, including a base 
member and a glass-ceramic Substrate bonded to the metal 
base. The glass-ceramic Substrate has a thermal expansion 
coefficient in a range of 3-6 ppm/°C., a dielectric constant in 
a range of less than 5 and a Quality factor (1/loss tangent) Q 
of at least 400. Preferably, the electronic package according to 
the present invention further comprises a bonding layer inter 
posed between the metal base and the glass-ceramic Sub 
Strate. 

0027. According to one embodiment of the present inven 
tion, the base member is a metal, such as KOVAR(R) or lami 
nated Cu/Mo/Cu, and the bonding layer is one of a solder and 
a bond glass having an appropriately selected, and in this 
case, relatively low, softening-point, along with an appropri 
ate working-point and TEC. According to another embodi 
ment of the present invention, the base member is a ceramic 
member, such as a sintered AlN or Al-O member, and the 
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bonding layer is one of a solder or a bond glass having an 
appropriately selected softening-point, working-point and 
TEC. 

0028. When the glass-ceramic substrate is sintered and the 
base member is a metal, as in some embodiments of the 
present invention, it is preferred that the sintered glass-ce 
ramic substrate is metallized before being bonded with the 
metal core via a solder. Examples of suitable metallization are 
explained in more detail below in connection with the 
Examples. When the glass-ceramic Substrate is green, that is, 
not sintered, before being bonded with the metal core, met 
allization is not required and the bonding layer is preferably 
an appropriate bond glass. One of ordinary skill in the art 
would be readily capable of selecting an appropriate bond 
glass for Such an application, and the choice of bond glass 
used in connection with the present invention is not limited 
herein. 
0029 When the glass-ceramic substrate is sintered and the 
base member is a sintered ceramic, it is preferred that both the 
glass-ceramic Substrate and sintered ceramic base member 
are metallized before being bonded via a solder. When a bond 
glass is used instead of a solder to form the bonding layer 
between a sintered glass-ceramic Substrate and the sintered 
ceramic base member, metallization of the glass-ceramic Sub 
strate and sintered ceramic base member is not required, and 
the bond glass is preferably selected based on appropriate 
characteristics such as working-point, softening-point, and 
TEC. One of ordinary skill in the art would be readily capable 
of selecting an appropriate bond glass for such applications, 
and the choice of bond glass used in connection with the 
present invention is not limited herein. The present invention 
is not limited to Soldering and bond glass joining methods, 
and other materials such as organic adhesives (e.g., epoxies, 
organic polymers, or organic adhesives including ceramic or 
metallic additives) could also be selected to join the glass 
ceramic and the base member when bonding is performed 
under the appropriate heat-treatment conditions for the 
selected bonding material. 
0030. Likewise, when the glass-ceramic substrate is green 

(i.e., not sintered) before being bonded with the sintered 
ceramic base member, metallization is not required and the 
bonding layer is preferably an appropriately selected bond 
glass. Further, in some cases involving green Substrates and 
sintered ceramic cores, an additional bonding agent may not 
be needed at all. 
0031. The glass-ceramic can also include a conductive 
pattern, formed in communication with at least one Surface 
thereof, that is co-fired with the glass-ceramic Substrate (i.e. 
green sheet or laminated structure personalization). Since the 
glass-ceramic according to Some embodiments of the present 
invention achieves Sufficient densification at low firing tem 
peratures, conductive patterns and/or metallized regions can 
be formed on the greenlaminated body using a relatively low 
melting-point metal. Such as Ag. 
0032. When a very high Q is desired, however, the glass 
ceramic material according to Some embodiments of the 
present invention is preferably sintered to a temperature 
closer to 1100°C. In this case, a higher melting-point metal 
would be required for pre-sintering metallization (i.e., per 
Sonalization) of the glass-ceramic Substrate. 
0033. The TEC of the glass-ceramic according to the 
present invention either matches or is easily adjusted to 
achieve a closeTEC match with that of the support material to 
which the glass-ceramic Substrate is bonded in high fre 
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quency electronic applications. For example, the C-soo of a 
non Ni-plated, laminated Cu/Mo/Cu metal core is about 5.3 
ppm/°C., and the C-soo of the glass-ceramic material 
according to one embodiment of the present invention is 5.4 
ppm/°C. (see Example 14). The close match ensures good 
bonding (e.g., via a solder when the glass-ceramic material is 
metallized) without thermal mismatch defects such as crack 
ing or bowing at low temperatures. 
0034. When the TEC of the glass-ceramic material 
according to the present invention is significantly higher or 
lower than that of the material to which it is bonded, the TEC 
of the glass-ceramic can be easily adjusted by adding a TEC 
adjusting additive, such as cordierite, cristobalite, try dimite 
or quartz, to the glass-ceramic powder at the tape slurry 
preparation stage before forming the tapes that are laminated 
together to form the glass-ceramic substrate. Other TEC 
modifying agents, such as the glass-ceramic compositions 
shown in Examples 25 and 26, can also be added as particu 
lates at the tape slurry preparation stage so long as the mate 
rial has a crystal phase that has a desirably higher TEC com 
pared to the glass-ceramic, a low K and a high Q, in order to 
retain these preferred characteristics in the mixture. 
0035. For example, according to one aspect of the present 
invention, and as shown in Examples 12-19 and 23, the glass 
ceramic further includes 1-15 wt % of a crystalline silica 
material such as quartz (as in Examples 13, 15, 16, 18, 19 and 
23), cristobalite or trydimite or, alternatively, another mate 
rial that crystallizes to produce these phases, such as the 
composition of Example 25 used in Examples 14 and 17. The 
additive is provided as a particulate to the glass-ceramic 
material during the tape slurry preparation stage when the 
TEC of the base member would be higher than that of the 
un-modified glass-ceramic substrate. More preferably, 4-10 
wt % of one of theseTEC increasing additives is included. For 
example, certain borosilicate glasses, when prepared in the 
form of a powder, can also be added in an amount of 1 to 20 
wt %, preferably 4-12 wt %, at the tape slurry preparation 
stage to adjust the properties of the glass-ceramic of the 
present invention. 
0036. In some cases, it may also be desirable to add a TEC 
reducing agent to lower the TEC of the glass-ceramic to better 
match that of a lower TEC member to which it is to be joined, 
or to positively affect the other properties of the glass-ce 
ramic, such as K. In this case, an amount of fused silica, for 
example, preferably 1 to 15 wt %, is added to the glass 
ceramic powder at the tape slurry preparation stage. Cordier 
ite can also be added in an amount of 1 to 15 wt %, preferably 
4-10 wt %, although it should be noted that while cordierite 
can lower the TEC, excessive additions can negatively affect 
the overall crystal structure of the glass-ceramic resulting in 
the formation of too much cordierite which leads to higher Ks 
and excessively low TECs. 
0037 Similarly, glasses or glass ceramics having a low K, 
high Q and relatively low TEC can also be added as particu 
lates at the tape slurry preparation stage to desirably adjust the 
characteristics of the glass-ceramic of the present invention. 
For example, certain borosilicate glasses, when prepared in 
the form of a powder, can also be added in an amount of 1 to 
20 wt %, preferably 4-12 wt %, at the tape slurry preparation 
stage to adjust the properties of the glass-ceramic of the 
present invention. An example of such a suitable borosilicate 
glass composition is shown in Example 27. 
0038 According to another embodiment of the present 
invention, a method of making a glass-ceramic Substrate hav 

Oct. 9, 2008 

ingathermal expansion coefficient in a range of 3-6 ppm/°C., 
a dielectric constant of less than 5 and a Quality factor Q of at 
least 400 for use in high frequency electrical applications is 
provided. The method includes the steps of providing a glass 
ceramic powder having an average particle size in a range of 
1-20 Lum and consisting essentially of SiO in a range of 45-58 
wt %, Al-O in a range of 10-18 wt % and MgO in a range of 
10-25 wt %; combining the glass-ceramic powder with pro 
cessing additives to form a slurry or dry mixture; forming a 
green body from the slurry or dry mixture; sintering the green 
body at a temperature in a range of 900-1150° C. for up to 6 
hours to form a sintered glass-ceramic body; and cooling the 
sintered glass-ceramic body to form the glass-ceramic Sub 
Strate. 

0039. The forming step preferably comprises a method 
selected from the group consisting of a doctor blade method, 
a roll compaction method, an extrusion method and a dry 
press method. 
0040 Preferably, the green body comprises a plurality of 
green sheets that are laminated under heat and pressure to 
form a laminated green multi-layer structure. It is also pre 
ferred that at least one of the green sheets is metallized, and 
that the metallized green sheet includes at least one of a 
structure selected from the group consisting of an electrode 
pattern, a conductive via, a cavity and a pattern made of at 
least one of a ceramic and a glass. 
0041 According to one aspect of the method according to 
the present invention, the sintering step is performed at a 
temperature of about 900° C. for 10 minutes. According to 
another aspect of the method according to the present inven 
tion, the sintering step is performed at a temperature of about 
1000° C. for 1 hour. According to yet another aspect of the 
method according to the present invention, the sintering step 
is performed at a temperature of about 1100° C. for 3 hours. 
0042. The method according to the present invention can 
also include the steps of providing an additive consisting of a 
particulate material selected from the group consisting of a 
thermal expansion coefficient increasing additive and a ther 
mal expansion coefficient reducing additive, the additive hav 
ing a particle size in a range of 1-20 um; and adding the 
additive to the glass-ceramic powder in the combining step. 
0043. According to one aspect of the method according to 
the present invention, the thermal expansion coefficient 
increasing additive comprises 1-15 wt % crystalline silica, 
which can preferably includes at least one of 4-10 wt % 
quartz, 4-10 wt % cristobalite and 4-10 wt % trydimite. 
0044 According to another aspect of the method accord 
ing to the present invention, the thermal expansion coefficient 
increasing additive comprises 4-12 wt % of a borosilicate 
glass. According to yet another aspect of the method accord 
ing to the present invention, the thermal expansion coefficient 
increasing additive comprises 1-15 wt.% of a material having 
a composition consisting essentially of 50-55 wt % SiO, 
12-18 wt % Al-O, 10-18 wt % MgO and 4-16 wt % ZnO and 
having a primary crystal phase consisting of crystalline silica. 
0045. According to still another aspect of the method 
according to the present invention, the thermal expansion 
coefficient reducing additive comprises at least one of 4-12 w 
% of a borosilicate glass, 1-15 wt % cordierite and 1-15 wt % 
fused silica. 
0046. It should also be noted that the glass-ceramic 
according to the present invention is a true glass-ceramic 
material having a crystalline phase including a glassy inter 
granular phase matrix, not merely a ceramic-and-glass com 
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posite material made from a mixture of ceramics and glasses, 
as is the case with many prior art LTCC compositions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0047 For a better understanding of the nature and objects 
of the present invention, reference should be made to the 
following detailed description of a preferred mode of prac 
ticing the invention, read in connection with the accompany 
ing drawings and Examples, in which: 
0048 FIG. 1 is a cross-sectional view of a ceramic pack 
aging assembly according to one embodiment of the present 
invention; 
0049 FIG.2a is a cross-sectional end view of an interme 
diate stage in preparing an a ceramic packaging assembly 
according to another embodiment of the present invention; 
0050 FIG.2b is a cross-sectional view of the final ceramic 
packaging assembly of FIG. 2a, 
0051 FIG. 3 is a cross-sectional view of a ceramic pack 
aging assembly according to another embodiment of the 
present invention; 
0.052 FIG. 4a is a cross-sectional end view of an interme 
diate stage in preparing an a ceramic packaging assembly 
according to another embodiment of the present invention; 
and 
0053 FIG.4b is a cross-sectional view of the final ceramic 
packaging assembly of FIG. 4a. 

DETAILED DESCRIPTION OF THE INVENTION 

0054 The glass-ceramic of the present invention consists 
essentially of SiO, in a range of 45-58 wt %, Al-O in a range 
of 10-18 wt % and MgO in a range of 10-25 wt %. 
0055 When more than about 58 wt % SiO, is added, the 
higher silica concentration makes the glass-ceramic difficult 
to melt, densify, and crystallize at relatively low temperatures 
below about 950° C., or even attemperatures less than 1100° 
C. When less than about 45 wt % SiO is added, the lower 
silica concentrations tend to promote excessively rapid crys 
tallization, crystallization at relatively low temperatures, 
reduces the tendency for stable glass-ceramic formation and 
tends to promote a higher TEC, a higher K and a lower Q. 
which is undesirable. 
0056. When more than about 18 wt % Al-O, is added, the 
higher alumina concentration tends to result in more rapid 
crystallization, a higher cordierite level and higher TECs and 
Ks. When less than about 10 wt % Al-O is added, the lower 
alumina concentration levels result in a tendency to produce 
lower glass-ceramic formation and materials that crystallize 
rapidly (which are difficult to process Successfully), a higher 
K, a higher TEC and a lower Q. 
0057. When more than about 25 wt % MgO is added, the 
higher magnesia concentration decreases the stability of 
glass-ceramic formation and can undesirably increase the 
crystallization rate, and increase K and the TEC. When less 
than about 10 wt % MgO is added, the lower magnesia con 
centration can lead to excessively refractory materials with 
high densification and crystallization temperatures, or an 
excessively high K and low Q, if other fluxing materials are 
used in addition to MgO. 
0058. Oxides of boron (i.e., B.O.), phosphorus (i.e., 
POs) and germanium (GeO) can also be provided as fluxing 
and glass-forming materials to assist in controlling the melt 
ing behavior and reducing the crystal growth rate for the 
glass-ceramic compositions according to the present inven 
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tion. This provides a beneficial increase in the processing 
range (time-temperature-heating rate) and overall manufac 
turability of the glass-ceramic according to the present inven 
tion. If included, B.O. is preferably provided in an amount of 
up to 10 wt %, and more preferably less than 5 wt %, and POs 
is provided in an amount of up to 10 wt %, preferably less than 
7 wt %, and more preferably less than 3 wt %. Similarly, if 
included, GeO is preferably provided in an amount of up to 
10 wt %, and more preferably 5 wt %, to achieve similar 
results, though GeO tends to be a more expensive component 
and is thus slightly less desirable form that standpoint. 
0059. When provided in an amount up to 10 wt %, B.O. 
desirably improves glass-ceramic formation, the tendency for 
Successful glass melting, and the promotion of controllable 
crystallization rates and workable materials, as well as 
expands the compositional range for Suitable/workable mate 
rials. BO concentrations exceeding 10 wt %, however, can 
result in a higher K, lower Q and higher TEC, generally 
interfere with the development of the preferred crystalline 
phases, and can also prevent the use of BUTVAR(R) as a tape 
binder, producing an undesirable gelling reaction. 
0060 Low levels of phosphorous pentoxide, i.e., to 3-7 wt 
%, function in a manner similar to the boron oxide in assisting 
in glass melting and providing a relatively stable glass-ce 
ramic formation. At concentration levels higher than about 7 
wt %, however, P.O. tends to enhance the crystallization 
tendency and rates and can thus lead to poor control over 
devitrification and densification problems. 
0061 Germanium oxide additions are functionally analo 
gous to boron oxide additions. Combinations of boron and 
germanium oxides or boron, phosphorus and germanium 
oxides can be very useful in controlling crystallization kinet 
ics, as shown in the Examples herein. 
0062 Although BaO and SrO are not specifically present 
in the formulations according to the present invention, these 
materials can be present in Small amounts to adjust the prop 
erties. In larger concentrations, however, BaO and SrO tend to 
produce Ba and Sr aluminosilicate phases that have relatively 
high dielectric constants. The presence of these components 
also tends to increase TEC, which in and of itself may not 
pose a significant problem. Zinc additions, such as ZnO, are 
also not present in the formulations according to the present 
invention, although it is less likely that Zinc will result in the 
development of higher K phases and can therefore be useful 
in adjusting the characteristics of the glass-ceramic of the 
present invention. 
0063 As explained in more detail below, TEC modifying 
agents such as crystalline silica (e.g., quartz, trydimite and 
cristobalite) can also be added to the glass-ceramic composi 
tion powders of the present invention after at the slurry prepa 
ration stage increase the TEC of the glass-ceramic and pro 
duce a glass-ceramic Substrate that has a TEC that more 
closely matches the TEC of the core or support member to 
which it is to be bonded. The glass-ceramic substrates of 
Examples 12-19 and 23 include TEC modifying additives that 
are added as a particulate at the tape slurry preparation stage. 
0064. Materials other than quartz and cordierite can also 
be used as TEC modifying agents to tailor the TEC of the 
glass-ceramic according to the present invention to more 
closely match that of the base material to which the glass 
ceramic is to be bonded. For example, fused silica has a very 
low TEC of 0.5 ppm/°C., a low dielectric constant of 3.8 and 
a high Q exceeding 500, and can be favorably used to lower 
the TEC of the glass-ceramic instead of cordierite. Addition 
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ally, while quartz offers a very high TEC of 18 ppm/°C., a low 
dielectric constant of 4.2 and a high Q, other materials can 
also be used to increase the TEC of the glass-ceramic, such as 
the glass-ceramic of Examples 25 and 26, which, when pro 
cessed at high temperatures, have a high TEC, low dielectric 
constant and very high Q. 
0065. The glass-ceramics according to the present inven 
tion are formed in the following manner. Raw materials, 
including oxides, hydroxides, peroxides and carbonates of 
the compositional components of the desired glass-ceramic 
composition are mixed (homogenized) and the mixture is 
placed in a Pt crucible, for example, which is then heated to a 
temperature of about 1400-1600° C. The molten glass-ce 
ramic is rapidly cooled or quenched and pulverized into a 
glass-ceramic powder having an average particle size on the 
order of 1-15 um. This glass-ceramic powder is suitable for 
processing green structures, e.g., multi-layer green sheet 
structures, which can be personalized, laminated, sintered, 
metallized and bonded to a support member or core at low 
temperatures (i.e., a non-co-firing application). The lami 
nated green sheet structures can also be personalized, lami 
nated and simultaneously sintered with a core material at 
higher temperatures (i.e., a co-firing situation). 
0066 Agreen multi-layer laminated structure is formed in 
the following manner. The glass-ceramic powder obtained as 
described above is combined with suitable processing addi 
tives, such as binders, solvents, plasticizers, dispersants and 
Viscosity adjusters to produce mixture. Such as a tape slurry. 
Examples of suitable processing additives include, but are not 
limited to, methyl and ethyl alcohol, toluene, MIBK, MEK 
(or water), BUTVAR(R) (polyvinyl butyral), or acrylic bind 
ers, dibutyl phathalate and fish oil. 
0067. In some instances, it may be desirable to add, for 
example, an additive consisting of 0.5-15 wt % cordierite or 
fused silica, preferably 2-10 wt % cordierite, as a particulate 
during the tape slurry preparation stage after the glass-ce 
ramic is formed and pulverized into a powder but beforegreen 
tapes are formed. This is preferred when the TEC of the base 
material to which the glass-ceramic is to be joined is lower 
than that of the glass-ceramic. In this case, for example, in the 
examples illustrated herein, that the TEC reducing additive 
has an average particle size of 0.1-20 um, and in particular, 
that the added cordierite has an average particle size of 1 Lum. 
0068. It should be noted that the particle size and amount 
of added cordierite, or another TEC reducing additive, are 
important when these additives are used as nucleating agents. 
For example, Small amounts of cordierite may also be desired 
to assist in nucleating or otherwise promoting a cordierite 
phase in the glass-ceramic. 
0069. Alternatively, it may be desirable to add, for 
example, additives consisting of crystalline silica or a mixture 
of for example, of crystalline silica and cordierite can be 
added as particulates during the tape slurry preparation stage. 
More preferably, cordierite is added in a range of up to 4 wt % 
and quartz is added in a range of up to 15 wt %. This is 
preferred when the TEC of the base material to which the 
glass-ceramic is to be joined is higher than that of the glass 
ceramic. In this case, the TEC increasing additives according 
to the examples illustrated herein had an average particle size 
of 0.1-20 um and in particular, the added quartz had an aver 
age particle size of 3 Jum. 
0070. It should be noted that the particle size and amount 
of added quartz or another additive are important when these 
materials are used as nucleating agents. For example, Small 
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amounts of quartz or cristobalite may also be desired to assist 
in nucleating or otherwise promoting a crystalline silica 
phase in the glass-ceramic. 
0071. The tape slurry is tape cast using a doctor blade, for 
example, or any other Suitable forming method, such as roll 
compaction, to form one or more green bodies (e.g., green 
tapes) having a thickness of about 8-12 mm. Green bodies 
could also be formed by dry pressing if the slurry forming step 
is omitted and the proper processing additives (i.e., those 
conducive to dry pressing) are added, and by roll compaction 
or extrusion if a plastic mass is made instead of a slurry by 
adding the appropriate processing additives to the glass-ce 
ramic powder. The green tapes are cut into individual green 
sheets about 75 mm long and 75 mm wide, and a number of 
these green sheets, for example, 6, are stacked together to 
form a multi-layer green sheet structure. 
0072 The multi-layer green sheet structure is laminated 
under heat and pressure conditions. For example, the multi 
layer green sheet structure is laminated at a temperature of 
50-75° C. and a pressure of 100-500 psi, to form a green 
multi-layer laminated structure. 
0073. It should be noted that, prior to lamination, the indi 
vidual green sheets can also be “personalized, or provided 
with a plurality of Vias, or other structural features such as 
cavities, in any conventional manner, for example, by punch 
ing or milling. Additionally, conductive patterns can also be 
provided on the individual green sheets prior to stacking and 
laminating the multi-layer green sheet structure by printing or 
any other suitable method. As mentioned above, since some 
embodiments of the glass-ceramic of the present invention 
obtain a high density, even when fired at a relatively low firing 
temperatures of about 900°C., low melting-point metals such 
as Agpaste, for example, which has a relatively low melting 
point of 962C., can be used to metallized the substrate, or to 
form printed circuits on the individual sheets. 
0074 Asintered glass-ceramic substrate that is metallized 
for ceramic packaging applications in a non-co-firing situa 
tion is formed as follows. The green multi-layer laminated 
structure formed as described above is heated to a tempera 
ture of less than 500° C. to remove binders and organics in the 
like at a slow ramp rate of 2-3°C./min for approximately 
10-60 minutes. If conductive pastes to form circuit patterns 
are provided prior to lamination by printing, for example, the 
metal of the conductive paste should be selected depending 
upon the temperature at which the green multi-layer lami 
nated structure is to be sintered. 
0075 For example, in a low temperature application, the 
green multi-layer laminated Structure is then fired at a faster 
ramp rate of 5-10°C./min to a temperature of about 900° C. 
and held for 10-15 minutes to densify and sinter the green 
multi-layer laminated structure to form a glass-ceramic Sub 
strate and to allow crystalline phases to develop in the glass 
ceramic Substrate. In this case, Ag, Cu and Au pastes, or 
pastes made from alloys of these materials, can be used for 
pre-sintering personalization. 
0076. The green multi-layer laminated structure could 
instead be fired at a faster ramp rate of 5-10°C/min to a 
temperature of about 950° C. to 1025° C. and held for 10-15 
minutes, or up to several hours, if necessary or desired, to 
fully sinter and densify the green multi-layer laminated struc 
ture to form a glass-ceramic Substrate and to allow the desired 
crystalline phases to develop in the glass-ceramic Substrate. 
In this case, Cu and Au pastes, or pates made from alloys of 
these materials or alloys of AgPd and other refractory Ag 
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alloys, can be used for pre-sintering personalization. It should 
be noted, however, that pure Agpastes are not utilized when 
the firing temperatures exceed the melting point of un-alloyed 
silver. 
0077. Furthermore, the green multi-layer laminated struc 
ture could instead be fired at a faster ramp rate of 5-10°C./min 
to a temperature of about 1100° C. and held for 1-3 hours to 
sinter and fully densify the green multi-layer laminated struc 
ture to form a glass-ceramic Substrate. Firing at this increased 
sintering temperature also allows the desired crystalline 
phases, such as cristobalite, quartz and trydimite, to further 
develop in the glass-ceramic Substrate to provide an 
extremely high Q while maintaining the desired K and TEC, 
or, if desired, increasing the TEC. 
0078. It should be noted that adding a nucleating agent 
Such as quartz at the tape slurry preparation stage, as men 
tioned above, can also be helpful in this regard with respect to 
promoting the formation of the desired crystalline phases. In 
this case, a metal having a higher melting-point than Ag, and 
possibly even higher than Au and Cu, should be selected for 
the conductive paste if pre-sintering personalization is pro 
vided. 

0079. In each of the cases mentioned above, after the sin 
tered glass-ceramic Substrate has cooled, the Surfaces may be 
ground, if necessary, to achieve a desired Substrate thickness, 
preferably 0.15-1 mm for electronic package applications, for 
example, and 0.15-4 mm for stand-alone Substrate applica 
tions, and also to flatten out the Substrate Surfaces. After being 
ground to the desired thickness and flattened (if necessary), 
the glass-ceramic Substrate is then metallized in preparation 
for solder bonding. That is, a thin film metal. Such as Au or a 
sandwich of Ti Ni Au or alloys thereof, is applied to the 
Surfaces of the glass-ceramic Substrate by Sputtering, for 
example. 
0080. It should be noted that other glass-ceramic substrate 
preparation options include providing a metallization pattern 
before sintering the green multi-layer Substrate and omitting 
the grinding and post-sintering metallization step. Further, a 
green multi-layer laminated structure can be provided with a 
thick-film metal, sintered and then ground, if necessary, to 
achieve the desired flatness. If the grinding step is necessary, 
a thin film metal can thereafter be applied to the sintered 
glass-ceramic Substrate. If the grinding step is not necessary, 
the thin film metal can be applied after the sintering step. 
0081. The metallized glass-ceramic substrate is then sub 
jected to an etching process, such as photolithography or 
chemical etching, to form a pattern of solder bands. It should 
be noted that the positions of the solder bands preferably 
correspond to the outline of the perimeter of rectangular holes 
or other similar features that may be provided in the metal 
cores or sintered ceramic (or other) base members to which 
glass-ceramic Substrate is bonded. Solder bands can also be 
formed using a post-sintering thick film metallization tech 
nique. Such as printing, for example. In this case, however, 
photolithography or other etching processes may not be 
required. In addition, certain hybrid technologies, i.e., a com 
bination of thick and thin-film processes, can be used to 
prepare the glass-ceramic Substrate for Solder bonding. For 
example, a thick-film (i.e., screen printed) metal blanket can 
be provided and then etched to form solder bands, or even 
circuit patterns, using thin-film processing techniques. 
0082 In cases where the core member is a metal, such as 
a non-Ni-plated, laminated Cu/Mo/Cu metal core, the metal 
lized glass-ceramic Substrate is positioned over a core mem 
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ber to form an assembly. In cases where the base member is a 
sintered ceramic, however, the sintered ceramic base member 
is also metallized in preparation for Solder bonding, in the 
same manner as described above in connection with the met 
allization of the glass-ceramic, before the metallized glass 
ceramic Substrate is positioned over the sintered ceramic base 
member to form an assembly. 
0083. A solder material, such as an Au?Sn solder, is 
applied to the solder bands. The assembly is heated to a 
temperature of about 280°C. to reflow the solder and to form 
a bond between the glass-ceramic Substrate and the metal 
core or sintered ceramic base member. Since the bonding 
temperature of the assembly is relatively low, that is, less than 
300° C., it is important that the Coo values for the glass 
ceramic Substrate and the metal core or sintered ceramic core 
closely match in this temperature range. 
I0084. On the other hand, in co-fired ceramic packaging 
applications, the green multi-layer laminated structure is not 
sintered prior to being joined with the metal core or sintered 
ceramic base member, and although personalization metalli 
Zation may be provided, the bonding Surface of the green 
multi-layer laminated structure is not metallized as described 
above for the sintered glass-ceramic that is joined to a base 
member via solder. In co-firing applications where the Sup 
port member is a metal core, such as a laminated Cu/Mo/Cu 
core, the surfaces of the Cu/Mo/Cu core may desirably be 
coated with Ni, for example, by plating. It should be noted, 
however, that the method for applying the Nilayer to the 
laminated Cu/Mo/Cu metal core is not limited to plating, and 
can also be formed by thin-film techniques, for example. The 
Ni-coated Cu/Mo/Cu core is heat-treated to a temperature of 
about 650-850° C. for 2-20 minutes to oxidize the Ni. 
0085. In cases where the base member is a sintered 
ceramic, however this Ni plating may not be necessary in 
order to provide a suitable bond between the glass-ceramic 
Substrate and the sintered ceramic base member during heat 
treatment. Preferably, the bond glass mentioned below should 
adhere directly to the sintered ceramic base member without 
requiring Ni plating. It should be noted, however, that the 
above-described Ni plating process could, in fact, be used in 
connection with a sintered ceramic base member, as well as 
alternate metallization strategies, if needed. 
I0086 A low softening-point bond glass paste is provided 
by Screen printing, for example, onto the joining Surface of 
the base member. When an oxidized, Ni-plated Cu/Mo/Cu 
core is used, the core is then heat-treated at a temperature of 
about 550-800° C. for 5-30 minutes to burn out the paste 
binders and organics and to flow the bond glass particles into 
a smooth, adherent film. When the support member is a sin 
tered ceramic, an analogous procedure will produce an analo 
gous structure. 
I0087. In cases where the support member is a metal core, 
a binder, preferably the same binder that was used to form the 
green tapes (described above), is combined with an organic 
adhesive, such as MIBK or MEK with alcohol to form an 
organic adhesive, which is applied to the surface of the bond 
glass film on the joining surface of the Ni-coated Cu/Mo/Cu 
core. The green multi-layer laminated structure is positioned 
on the organic adhesive/glass film-coated Surface of the 
Cu/Mo/Cu core to form an assembly. The assembly is then 
fired together to a temperature of about 900° C. for 10-15 
minutes and then cooled. When the support member is a 
sintered ceramic, an analogous procedure will produce an 
analogous structure. 
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0088. In the Examples detailed below, methods of forming 
the glass-ceramics according to the present invention are 
described in detail, and the thermal and electrical properties 
of the glass-ceramics are shown with respect to the different 
thermal cycles to which they were subjected when the green 
multi-layer laminated Structures (formed from glass-ceramic 
powder as described above) were sintered at various sintering 
temperatures ranging from 900 to 1100° C. Suitable examples 
of ceramic packaging applications and methods of preparing 
these ceramic packages are also described in detail. 
0089. The thermal cycles are reported in terms of maxi 
mum times and temperatures. Dielectric constant (K) mea 
Surements were made using a Kent resonant fixture at a fre 
quency of 10-15 gigahertz. Thermal expansion coefficients 
(TEC or C.) were measured using a commercial push-rod 
dilatometer (Theta, Inc.) and, unless otherwise noted, repre 
sent the average thermal expansion coefficient from room 
temperature to 300° C. X-Ray Diffraction (XRD) analysis 
was performed on the samples using a commercial unit manu 
factured by Philips and the data was obtained using MDI 
Datascan software with Phase ID analysis using MDI Jade 6.0 
software. 
0090. It should be understood by those skilled in the art 
that the present invention is in no way limited to the examples 
described herein, and that variations and Substitutions can be 
made without departing from the scope and spirit of the 
present invention. 

EXAMPLE1 

0091. A glass-ceramic having the composition shown in 
Table I was formed by batching and combining various 
oxides and carbonates (i.e., raw material forms) of each of the 
constituent components in the amounts shown. The raw mate 
rial components were mixed (homogenized) and the mixture 
was placed in a Pt crucible, which was heated to a temperature 
of about 1500° C. for about 3 hours. The glass-ceramic was 
cooled and pulverized into a powder having an average par 
ticle size on the order of 8 um. 

EXAMPLE 2 

0092. A glass-ceramic powder having the composition 
shown in Table I was produced in the same manner as 
described above in connection with Example 1. 

EXAMPLE 3 

0093. A glass-ceramic power having the composition 
shown in Table I was produced in the same manner described 
above in connection with Examples 1 and 2. 

EXAMPLE 4 

0094. A glass-ceramic substrate was formed using the 
glass-ceramic powder from Example 1 in the following man 
ner. The glass-ceramic powder of Example 1 was combined 
with an organic binder system including a BUTVAR(R)-based 
binder, fish oil, and methylethylketone (MEK), to form a tape 
slurry. The tape slurry was tape cast using a doctor blade to 
form green tapes having a thickness of about 10 mils (0.254 
mm). The green tapes were cut into individual green sheets 
about 75 mm long and 75 mm wide, and six of these green 
sheets were stacked together to form a multi-layer green sheet 
structure. The multi-layer green sheet structure was lami 
nated at a temperature of 85°C. and a pressure of 300 psi, to 
form a green multi-layer laminated structure. The green 
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multi-layer laminated structure was slowly heated in a belt 
furnace at a ramp rate of about 2-3°C./min through a tem 
perature range of about 100-400° C. to remove the binder(s), 
residual solvents and other organics. The ramp rate was then 
increased to 5-10°C./min to a temperature of about 900°C., 
which was held for 10-15 minutes to densify and sinter the 
green multi-layer laminated structure into a glass-ceramic 
substrate and to allow the crystalline phases to develop in the 
glass-ceramic Substrate. 
0.095 The characteristics of the glass-ceramic substrate 
produced according to Example 4 are shown in Table I. In 
addition, the glass-ceramic of Example 4 had a main crystal 
phase of cordierite and also included minor phases of ensta 
tite, crystalline silica, and glass. 

EXAMPLE 5 

0096. A glass-ceramic substrate was formed using the 
glass-ceramic powder from Example 2 in the same manner 
described above in connection with Example 4. In addition to 
the characteristics of the glass-ceramic Substrate produced 
according to Example 5 that are shown in Table I, the glass 
ceramic of Example 5 had a cordierite main crystal phase and 
minor phases including a cristobalite phase, a magnesium 
silicate phase and a glass phase. 

EXAMPLE 6 

0097. A glass-ceramic substrate was formed using the 
glass-ceramic powder from Example 3 in the same manner 
described above in connection with Example 4. The charac 
teristics of the glass-ceramic Substrate produced according to 
Example 6 are shown in Table I. In addition, the glass-ceramic 
of Example 6 had a main crystal phase of cordierite as well as 
clinoenstatite and glass phases. 

EXAMPLE 7 

0098. A glass-ceramic substrate was formed using the 
glass-ceramic powder from Example 1 in the same manner 
described above in connection with Example 4, with the 
exception of the sintering time and temperature. In Example 
7, the sintering temperature was 950° C. and the hold time 
was 6 hours. The characteristics of the glass-ceramic Sub 
strate produced according to Example 7 are shown in Table I. 
In addition, the glass-ceramic of Example 7 had a cordierite 
main crystal phase and cristobalite and glass phases, as well. 

EXAMPLE 8 

0099. A glass-ceramic substrate was formed using the 
glass-ceramic powder from Example 2 in the same manner 
described above in connection with Example 4, with the 
exception of the sintering time and temperature. In Example 
8, the sintering temperature was 950° C. and the hold time 
was 6 hours. The characteristics of the glass-ceramic Sub 
strate produced according to Example 8 are shown in Table I. 
In addition to the characteristics of the glass-ceramic Sub 
strate produced according to Example 8 that are shown in 
Table I, the glass-ceramic of Example 8 had a cordierite main 
crystal phase and minor phases including a cristobalite phase, 
a clinoenstatite phase and a glass phase. 

EXAMPLE 9 

0100. A glass-ceramic substrate was formed using the 
glass-ceramic powder from Example 3 in the same manner 
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described above in connection with Example 4, with the 
exception of the sintering time and temperature. In Example 
9, the sintering temperature was 950° C. and the hold time 
was 6 hours. The characteristics of the glass-ceramic Sub 
strate produced according to Example 9 are shown in Table I. 

EXAMPLE 10 

0101. A glass-ceramic substrate was formed using the 
glass-ceramic powder from Example 1 in the same manner 
described above in connection with Example 4, with the 
exception of the sintering time and temperature. In Example 
10, the sintering temperature was 1100° C. and the hold time 
was 3 hours. The characteristics of the glass-ceramic Sub 
strate produced according to Example 10 are shown in Table 
I. In addition to the characteristics of the glass-ceramic Sub 
strate produced according to Example 10, the glass-ceramic 
of Example 10 had a cordierite main crystal phase and minor 
phases including cristobalite and proto-en.statite. 

EXAMPLE 11 

0102. A glass-ceramic substrate was formed using the 
glass-ceramic powder from Example 1 in the same manner 
described above in connection with Example 4, with the 
exception of the sintering time and temperature. In Example 
11, the sintering temperature was 1100° C. and the hold time 
was 3 hours. The characteristics of the glass-ceramic Sub 
strate produced according to Example 11 are shown in Table 
I. In addition to the characteristics of the glass-ceramic Sub 
strate produced according to Example 11, the glass-ceramic 
of Example 11 had a cordierite main crystal phase and minor 
phases including cristobalite, quartz, magnesium silicate, and 
a small glassy phase. 

EXAMPLE 12 

0103) A glass-ceramic substrate was formed using the 
glass-ceramic powder from Example 1 in the same manner 
described above in connection with Example 4, with the 
exception of the sintering time and temperature. In Example 
12, the sintering temperature was 1100° C. and the hold time 
was 3 hours. The characteristics of the glass-ceramic Sub 
strate produced according to Example 12 are shown in Table 
I. In addition to the characteristics of the glass-ceramic Sub 
strate produced according to Example 12, the glass-ceramic 
of Example 12 had a cristobalite main crystal phase and minor 
phases of quartz, cordierite, enstatite and a small amount of a 
glassy phase. 

EXAMPLES 13-19 

0104 Table I also shows the composition and properties of 
the glass-ceramics of Examples 13-19, which have the same 
compositions as the glass-ceramic of Examples 1-3 with the 
exception of the additives noted in Table I and explained in 
more detail below. In Examples 13-19, the glass-ceramic 
powders were prepared according to Example 4, and green 
multi-layer laminated structures were provided according the 
steps described in Example 4. In Examples 13-19, however, 
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the green multi-layered laminated structures were each sin 
tered at a temperature of 1100° C. with a 3 hour hold, as 
shown in Table I. 

EXAMPLE 13 

0105. In Example 13, the composition was the same as that 
of Example 1 and further included an additive of 5 wt % 
quartz having an average particle size of 3 um that was added 
at the tape slurry preparation stage. The characteristics of 
Example 13 are shown in Table I. 

EXAMPLE 1.4 

0106. In Example 14, 8 wt % of a pulverized glass-ceramic 
material having the composition shown in Example 25 and an 
average particle size of about 8 um was added to the glass 
ceramic powder of Example 1 at the tape slurry preparation 
stage. The green multi-layered laminated structures were sin 
tered were sintered at a temperature of 1100°C. with a 3 hour 
hold, as shown in Table I. The characteristics of the glass 
ceramic of Example 14 are also shown in Table I. 
0107 As shown in Example 14, glass-ceramic powders 
having a composition Such as the ones shown in Examples 25 
and 26, for example, can be used as TEC modifying (i.e., 
increasing) agents as described above instead of quartz. That 
is, these compositions can be used as TEC increasing addi 
tives for lower temperature firing glass-ceramics if they are 
first fired at 1000° C.-1 100° C. to crystallize into the high 
expansion phases and are then ground into a powder to be 
added to the glass-ceramic composition at the tape slurry 
preparation stage, as described above. 

EXAMPLE 1.5 

0108. In Example 15, 5 wt % quartz having an average 
particle size of about 3 um was added to the glass-ceramic 
powder of Example 2 at the tape slurry preparation stage. The 
green multi-layered laminated structures were sintered were 
sintered at a temperature of 1100° C. with a 3 hour hold, as 
shown in Table I. The characteristics of the glass-ceramics of 
Example 15 are shown in Table II. 

EXAMPLE 16 

0109. In Example 16, 10 wt % quartz having an average 
particle size of about 3 um was added to the glass-ceramic 
powder of Example 2 at the tape slurry preparation stage. The 
green multi-layered laminated structures were sintered were 
sintered at a temperature of 1100° C. with a 3 hour hold, as 
shown in Table I. The characteristics of the glass-ceramics of 
Example 16 are shown in Table I. 

EXAMPLE 17 

0110. In Example 17, 8 wt % of the composition shown in 
Example 25 having an average particle size of about 8 um was 
added to the glass-ceramic powder of Example 2 at the tape 
slurry preparation stage. The green multi-layered laminated 
structures were sintered were sintered at a temperature of 
1100° C. with a 3 hour hold, as shown in Table I. The char 
acteristics of the glass-ceramics of Example 17 are shown in 
Table I. 

EXAMPLE 1.8 

0111. In Example 18, 5 wt % quartz having an average 
particle size of about 3 um was added to the glass-ceramic 
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powder of Example 2 at the tape slurry preparation stage. The 
green multi-layered laminated structures were sintered were 
sintered at a temperature of 1100°C. with a 3 hour hold, and 
the resultant characteristics of the glass-ceramic of Example 
18 are shown in Table II. 

EXAMPLE19 

0112. In Example 19, 10 wt % quartz having an average 
particle size of about 3 um was added to the glass-ceramic 
powder of Example 2 at the tape slurry preparation stage. The 
green multi-layered laminated structures were sintered were 
sintered at a temperature of 1100° C. with a 3 hour hold, as 
shown in Table I. The characteristics of the glass-ceramic of 
Example 19 are also shown in Table I. 

EXAMPLES 20-23 

0113. Examples 20-23 have the modified compositions 
noted in Table I. In Examples 20-23, the glass-ceramic pow 
ders were prepared according to Example 4, and green multi 
layer laminated structures were provided according the steps 
described in Example 4. In Examples 20-23, however, 
samples of each of the green multi-layered laminated struc 
tures were also sintered at a temperature of 1000°C. with a 1 
hour hold, and samples of the of the green multi-layered 
laminated structures Examples 20-22 were also sintered to 
1100° C. with a 3 hour hold, as shown in Table I. 
0114. No TEC adjusting additives were provided at the 
tape slurry preparation stage in Examples 20-22. Germanium 
oxide was included in the compositions of Examples 21 and 
22, whereas POs was not included in any of these Examples. 
BO was present in the compositions of Examples 20 and 22. 
either alone or in combination with the GeO as shown in 
Table I. In Example 23, 5 wt % quartz was added to the 
composition of Example 22. 

EXAMPLES 20-23 

Sintered at 900 °C. for 10 Minutes 

0115 Table I shows that when the glass-ceramic of 20 was 
sintered at 900° C. for 10 minutes, the sintered glass-ceramic 
substrate had Kof 5.15 and a low Q of 350. The TEC data for 
this Example was not obtained since the measured Q was too 
low. Similarly, when the glass-ceramic of Example 21 was 
sintered at 900° C. for 10 minutes, the resultant K of 6.0 was 
too high, and the Q of 90 was far too low. The TEC data for 
this Example was not obtained in view of this data. When the 
glass-ceramic of Example 22 was sintered at 900° C. for 10 
minutes, the resultant Kof 4.95 and Q of 440 were better than 
those of Examples 20 and 21, and the TEC data for this 
Example was 5.3 ppm/°C. 

EXAMPLES 20-23 

Sintered at 1000° C. for 1 Hour 

0116 Table 1 shows the results obtained when the samples 
of the glass-ceramics of Examples 20-23 were sintered at a 
temperature of 1000° C. for 1 hour. In Example 20, the TEC 
was measured to be about 4.5 ppm/°C., and the K of 4.8 was 
lower than that of the Example 20 sample fired at 900°C/10 
minutes. Additionally, the Q of Example 20 increased to 730 
when the green multi-layered laminated Structure was sin 
tered at 1000° C. for 1 hour. 
0117. When the glass-ceramic of Example 21 was sintered 
at 1000° C. for 1 hour, the TEC was measured to be about 6 
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ppm/°C., and the Kof 5.0 was lower than that of the Example 
21 sample fired at 900° C./10 minutes. Additionally, the Q of 
Example 21 increased to 1140 when the green multi-layered 
laminated structure was sintered at 1000° C. for 1 hour. This 
is a significant increase over the undesirable Q of 90 seen 
when the Example 21 sample was only fired to 900° C./10 
minutes. The data is shown in Table I. 
0118 When the glass-ceramic of Example 22 was sintered 
at 1000° C. for 1 hour, the TEC was measured to be about 4.5 
ppm/°C., and the Kof 4.6 was lower than that of the Example 
22 sample fired at 900° C./10 minutes. Additionally, the Q of 
Example 22 increased to 800. The data is shown in Table I. 
0119 When the glass-ceramic of Example 23 was sintered 
at 1000° C. for 1 hour, the TEC was measured to be about 4 
ppm/°C., and the Kof 4.7 was lower than that of the Example 
23 sample fired at 900° C./10 minutes. Additionally, the Q of 
Example 22 increased to 650. The data is shown in Table I. 

EXAMPLES 20-22 

Sintered at 1100° C. for 3 Hours 

I0120 Table I also shows that when the glass-ceramic of 
Example 20 was sintered at 1100° C. for 3 hours, the sintered 
glass-ceramic substrate had K of 4.75 and a high Q of 900. In 
addition, the TEC of the glass-ceramic substrate of Example 
20 sintered at 1100° C. for 3 hours was 3.3 ppm/°C. 
I0121 When the glass-ceramic of Example 21 was sintered 
at 1100° C. for 3 hours, the sintered glass-ceramic substrate 
had K of 5.2 and a very high Q of 1240, and a TEC of 5.6 
ppm/°C. When the glass-ceramic of Example 22 was sintered 
at 1100° C. for 3 hours, the sintered glass-ceramic substrate 
had K of 4.6 and a high Q of 950, and a TEC of 3.9 ppm/°C. 
0.122 The marked improvement of K and Q seen when the 
samples of Examples 21-22 were fired at 1100° C. for 3 hours 
instead of 900° C. for 10 minutes is believed to be attributed 
to the crystal phases that developed during the longer, hotter 
sintering period. Thus, in addition to the specific composi 
tions of the present invention, in Some cases, the sintering 
times and temperatures also play a critical role in obtaining 
the desired TEC, Q and K values. 

COMPARATIVE EXAMPLE 24 

0123. A glass-ceramic Substrate having the composition 
shown in Table I was produced according to the steps outlined 
in Example 4. XRD analysis indicated that anorthite (CaO 
Al-O-2SiO2) was the primary crystal phase for this com 
parative example composition. The high frequency loss prop 
erties of anorthite are known to be inferior to those of the 
primary crystal phases present in the above-described glass 
ceramic compositions of Examples 1-3 and 20-22, for 
example. 
0.124. As shown in Table I, the glass-ceramic of the Com 
parative Example 24 had an extremely low Q value of 135, 
which is far below the desired Q of at least 400. 

EXAMPLES 25-27 

0.125. The compositions of the glass-ceramic materials of 
Examples 25-27 are shown in Table I. The material of 
Example 25 was formed into a glass-ceramic powder as 
described above in connection with Example 1. More specifi 
cally, the material of Example 25 was heated to temperatures 
exceeding 1000° C. during the heat treating step, quenched, 
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ground and then added to the glass-ceramic of Examples 14 
and 17 at the tape slurry preparation stage, as described in 
detail above. 
0126 The compositions of Examples 25 and 26 can be 
used as TEC modifying agents, and also beneficially increase 
the Q, when the compositions are heat treated to ensure that 
the resultant powders have the desired crystalline phases of 
cristobalite and/or quartz to adjust the TEC of the glass 
ceramic compositions to which they are provided as addi 
tives. 
0127 Example 27 is an example of a borosilicate glass 
composition that can be added as a powder to the glass 
ceramic composition according to the present invention dur 
ing the tape slurry preparation stage in order to improve the 
overall sintering behavior of the glass-ceramic and to help 
reduce the K and increase the Q of the resultant glass-ce 
ramic. Additionally, the addition of certain borosilicate 
glasses aids in obtaining a glass-ceramic that has an increased 
density. 
0128. When borosilicate glasses are chosen as additives, 
the specific glass composition should be selected based on a 
low K, a high Q, and Viscosity characteristics that allow the 
glass to have adequate flow properties at temperatures 
between 800 and 1100° C., but which are suitable rigid at 
temperatures below 450° C. 
0129. In view of the foregoing Examples, it can be taken 
that he following materials can be suitably fired at tempera 
tures below 950° C. and are thus capable of being co-fired 
with (pure) silver metallurgy, as well as Au, Cu or alloys of 
Ag, of Au or of Cu: Example 6: Example 9: Example 22 
((a)900° C./10 min); and Example 23 (a)900° C./10 min.). 
Further, the glass-ceramics of Examples 20-23 are capable of 
co-firing with Au, Cuor alloys of Au or of Cu attemperatures 
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of about 1000° C. for 1 hour: Example 20 (1000 C/1 hr): 
Example 21 (a1000 C/1 hr); Example 22 (a1000 C/1 hr): 
and Example 23 (a1000 C/1 hr) 
0.130. In addition to the information in Table 1, the main 
and minor crystal phases of some of the Examples are shown 
below: 

0131 Example 4: Cordierite, enstatite, crystalline silica 
and glass; 

0.132 Example 7: Cordierite, cristobalite, and a small 
amount of glass; 

0.133 Example 10: Cordierite, cristobalite and proto 
enstatite; 

0.134 Example 5: Cordierite, cristobalite, magnesium 
silicate, and low glass; 

0.135 Example 8: Cordierite, cristobalite, clinoensta 
tite, and very low glass; 

0.136 Example 11: Cordierite, cristobalite, quartz, 
magnesium silicate, and very low glass; 

0.137 Example 2 plus 10% quartz sintered at 900° C./10 
min: Cordierite, quartz, cristobalite, clinoenstatite, and 
low glass; 

0.138 Example 16: Cristobalite, cordierite, magnesium 
silicate, and very low glass; 

0.139 Example 3: Cordierite, glass and clinoenstatite; 
0140. Example 12: Cristobalite and quartz, cordierite, 
enstatite, and very low glass; and 

0.141. Example 19: Cristobalite and quartz, cordierite, 
enstatite, and very low glass. 

0142. In the qualitative XRD analysis performed, the pres 
ence of glass can be identified by a broad or diffuse peak of 
generally lower intensity and occurring at lower angles, 
which is distinct from the sharp and frequently high intensity 
peaks for dominant crystalline phases. 

TABLE I 

Composition Example 1 Example 2 Example 3 Example 4 Example 5 Example 6 Example 7 

SiO2 54.65 
Al2O3 17.50 
MgO 24.21 

56.60 54.52 Same as Same as Same as Same as 
17.15 17.30 Example 1 Example 2 Example 3 Example 1 
20.34 22.22 

P-Os 2.44 2.38 2.40 
B2O3 120 3.53 3.56 
GeO2 
ZnO 
CaO 
Additive 
Properties: 
900° C. 10 min 

CCRT-300) 4.5 3.1 3.3 
K 5.35 4.77 5.05 
Q 350 525 435 
950° C.f6 hr 

CCRT-300) 4.5 
K 5.38 
Q 435 
1OOO C. 1 hr 

CCRT-3oo) 
K 

CCRT-300) 
K 

Q 
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Composition 

SiO, 
Al2O3 
MgO 
POs 
BO 
GeO2 
ZnO 
CaO 
Additive 

Properties: 

CCRT-300) 
K 

CCRT-300) 
K 

Q 
OOO C. 1 hr. 

CCRT-3OO) 
K 
Q 
100° C. 3 hr 

CCRT-300) 
K 

Composition 

900° C. 10 min 

Example 8 

Same as 
Example 2 

2.9 
4.75 
S.18 

Example 
14 

Example 

12 

TABLE I-continued 

Example 
Example 9 10 

Example Example 
Example 11 12 13 

Same as 
Example 1 

Same as 
Example 3 

Same as 
Example 2 

Same as 
Example 1 

Same as 
Example 3 

5 wt % 
Quartz 

3.6 
S.O2 

435 

4.6 4.1 5.3 5.2 
4.85 4.31 4.88 4.8 

11SO 480 683 1125 

Example Example Example Example Example 
15 16 17 18 19 2O 

SiO2 
Al2O3 
MgO 
POs 
B2O3 
GeO2 
ZnO 
CaO 

Na2O 
KO 
Li2O 
Additive 

Properties: 
900° C. 10 min 

CCRT-300) 
K 

CCRT-300) 
K 

Q 
1OOO C. 1 hr 

CCRT-3OO) 
K 

CCRT-300) 
K 

Same as 

Example 
25 

5.4 
4.5 

975 

Same as 
Example 1 Example 2 Example 2 Example 2 Example 3 Example 3 

55.20 
17.51 
22.49 

Same as Same as Same as Same as 

5 wt % 

Quartz 
10 wt % 

Quartz 
8 wt % 
Example 

25 

5 wt % 

Quartz 
10 wt % 

Quartz 

5.15 
350 

4.5 
4.8 

730 

5.8 7.6 4.9 7.4 3.3 
4.5 4.0 4.8 4.3 4.5 4.75 

6SO 470 600 530 400 900 
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TABLE I-continued 

Comparative 
Example Example Example Example 

Composition 21 22 23 24 25 

SiO2 S3.91 49.SS Same as S2.98 
Al2O3 17.10 16.99 Example 16.96 
MgO 21.97 21.82 22 15.64 12.45 
POs 2.36 2.19 
B2O3 4.67 1.17 3.24 
GeO2 7.02 6.97 
ZnO 
CaO 10.89 
Na2O 
KO 
Li2O 
Additive 5 wt % 

Quartz 
Properties: 
900° C. 10 min 

CCRT-300) 5.3 &S 4.8 3.2 
K 6.O 4.95 4.85 6.52 
Q 90 440 400 135 
950° C.f6 hr 

CCRT-300) 
K 

Q 
1OOO C. 1 hr 

CCRT-3OO) -6 4.5 ~4 
K S.O 4.6 4.7 
Q 1140 800 6SO 
1100° C.;3r 

CCRT-300) S.6 3.9 22 
K 5.2 4.6 
Q 1240 950 

Ceramic Packaging Assembly Examples 

EXAMPLE 28 

Non-Co-Fired Ceramic Packaging Assembly with 
Metal Base Member 

0143 A non-co-fired ceramic packaging assembly is 
formed in the following manner. The glass-ceramic Substrate 
of Example 13 is prepared as described above. After the 
glass-ceramic Substrate is ground to the desired thickness and 
flattened, a thin film metal of Ti Ni Au is applied to the 
Surfaces of the sintered glass-ceramic Substrate by Sputtering. 
0144. A dry photo resist is laminated to the metallized 
Substrate, exposed and developed understandard processing 
procedures to provide a protective mask over the metal. The 
exposed portions of the metal are removed using commercial 
etchants and procedures, and the photo resist is etched away 
to form a pattern of discrete solder bands on the substrate. A 
solder material comprising an 80/20 Au/Sn eutectic mixture 
is applied to the Solder bands as a screened paste, and the 
metallized glass-ceramic Substrate is positioned over a 
KOVARR) metal core that is either oxidized according to 
standard industry practices or plated with a thin layer of Ni 
and Auto prevent Cu oxidation and to provide a clean Surface 
for the solder band. It should be noted that, in this case, the 
metal core is plated with a very thin layer of Ni, having a 
thickness on the order of 1.3 um, and then a verythin layer of 
Au, having a thickness on the order of 0.13 um, is applied by 

Example 

53.81 
15.74 

12.57 
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Example Example 
26 27 

53.39 72.O 
14.00 1.O 
16.28 
4.59 
4.51 2S.O 

7.23 

O.S 
1.O 
O.S 

immersion on both sides. Since the Ni and Aulayers are very 
thin, these layers have little to no impact on the TEC of the 
metal core. 
0145. In cases where a bond glass is used to bond the 
glass-ceramic Substrate and a metal core, however, the metal 
core is either oxidized by standard industry procedures or 
plated with a thicker layer of Ni and oxidized, which does 
affect the TEC of the core. The assembly is heated to a 
temperature of 280°C. to reflow the solder and to form a bond 
between the glass-ceramic Substrate and the metal core. 

EXAMPLE 29 

Non-Co-Fired Ceramic Packaging Assembly with 
Sintered Ceramic Base Member 

0146 The glass-ceramic substrate of Example 10 or 11 is 
prepared as described above. The glass-ceramic Substrate is 
then ground to the desired thickness and flattened, and a thin 
film metal of Ti Ni Au is applied to the surfaces of the 
sintered glass-ceramic Substrate by Sputtering. A dry photo 
resist is laminated to the metallized substrate, exposed and 
developed understandard processing procedures to provide a 
protective mask over the metal. The exposed portions of the 
metal are removed using commercial etchants and proce 
dures, and the photo resist is etched away to form a pattern of 
discrete solder bands on the substrate. A solder material com 
prising an 80/20 Au/Sn eutectic mixture is applied to the 
solder bands as a screened paste, and the metallized glass 
ceramic Substrate is positioned over a sintered ceramic base 
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member made of AlN, having a TEC of 4.5 ppm/°C., which 
is also metallized in the same manner as the glass-ceramic 
substrate. The assembly is heated to a temperature of 280°C. 
to reflow the solder and to form a bond between the glass 
ceramic Substrate and the metal core. 

EXAMPLE 30 

Co-Fired Ceramic Packaging Assembly with Metal 
Base Member 

0147 A co-fired ceramic packaging assembly is produced 
in the following manner. A glass-ceramic powder having the 
composition of Example 22, or, alternatively, Example 23, is 
used to produce a green multi-layer laminated structure as 
described in Example 4. The Example 22 composition is 
compatible with thick film Ag, Au or Cu (or alloys) pattern 
ing. Unlike the metallized glass-ceramic Substrate of 
Example 28, however, the green multi-layer laminated struc 
ture of Example 30 is not sintered or metallized for soldering 
prior to being joined with the metal core. 
0148 AKOVARR) core as in Example 28 is provided as a 
metal core member. In Example 30, however, the surfaces of 
the KOVAR(R) core are coated with Ni by plating. The 
KOVARR) core is heat-treated to a temperature of 800° C. for 
30 minutes to oxidize the Ni. 
0149. A low softening-point bond glass paste having a 
green thickness of about 0.5-2 mils is screen printed onto the 
joining surface of the KOVARR) core, and heat-treated at a 
temperature of about 800° C. for 30 minutes to burn out the 
paste binders and organics and to flow the bond glass particles 
into a smooth, adherent film about 0.2-1.5 mils thick. 
0150. The same binder used to form the green tapes (de 
scribed above in connection with Example 4) i.e., polyvinyl 
butyral, is combined with a methanol/MEK solvent, and the 
resultant organic adhesive is applied to the Surface of the bond 
glass layer to form a film less than 1 mill thick on the joining 
surface of the KOVARR) core. The thickness of the organic 
adhesive film is not critical So long as it is Sufficient to com 
pensate for differences in the surface structures of the multi 
layer laminated structure and the bond glass-coated core. 
0151. The green multi-layer laminated structure is posi 
tioned on the organic adhesive/glass film-coated Surface of 
the core, and laminated/adhered to the core to forman assem 
bly. The assembly is then simultaneously fired to a tempera 
ture of between 900° C. and 950° C. and cooled. 
0152. It should be noted that the Example 20 and Example 
21 compositions can also be processed with the other core 
materials mentioned above in connection with Example 30 
and laminated Cu/Mo/Cu core materials in co-firing situa 
tions, as well as with thick film Au or Cu or alloys, at Some 
what higher temperatures near 1000° C. These applications 
would, however, require bond glasses having somewhat 
higher softening-points than those used in the lower firing 
temperature Examples. One skilled in the art would not have 
any difficulty in establishing which glasses might be appro 
priately as the bond glasses in these cases. 

EXAMPLE 31 

Co-Fired Ceramic Packaging Assembly with Sin 
tered Ceramic Base Member 

0153. A co-fired ceramic packaging assembly is produced 
in the following manner. A glass-ceramic powder having the 
composition of Example 20 is used to produce agreen multi 
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layer laminated structure as described in Example 4. Unlike 
the metallized glass-ceramic Substrate of Examples 28 and 
29, however, the green multi-layer laminated structure of 
Example31 is not sintered or metallized for soldering prior to 
being joined with the metal core. 
0154) A sintered ceramic base member made of AlN is 
provided. A bond glass having a softening-point in a range of 
700-900° C. and a working point in a range of 850-1050° C. 
is formed into a paste having a green thickness of about 0.5-2 
mils that is screen printed onto the joining surface of the AlN 
core, and heat-treated at a temperature of about 900° C. for 30 
minutes to burn out the paste binders and organics and to flow 
the bond glass particles into a smooth, adherent film about 
0.2-1.5 mils thick. 
0155 The same binder used to form the green tapes (de 
scribed above in connection with Example 4) i.e., polyvinyl 
butyral, is combined with a methanol/MEK solvent, and the 
resultant organic adhesive is applied to the Surface of the bond 
glass layer to form a film less than 1 mil thick on the joining 
surface of the AlN core. The thickness of the organic adhesive 
film is not critical so long as it is sufficient to compensate for 
differences in the surface structures of the multi-layer lami 
nated structure and the bond glass-coated core. 
0156 The green multi-layer laminated structure is posi 
tioned on the organic adhesive/glass film-coated Surface of 
the core, and laminated/adhered to the core to forman assem 
bly. The assembly is then simultaneously fired to a tempera 
ture of about 1000° C. for 1 hour and cooled. 
0157. If, on the other had, a ceramic packaging assembly 

is made using an sintered Al-O base member instead of a 
sintered AlN base member, an appropriately selected bond 
glass would preferably have a softening-point in a range of 
700-950° C. and a working point in a range of 850-1 100° C. 
In this case, the bond glass is formed into a paste having a 
green thickness of about 0.5-2 mils that is screen printed onto 
the joining surface of the Al-O core, and heat-treated at a 
temperature of about 950° C.-1000° C. for 30 minutes to burn 
out the paste binders and organics and to flow the bond glass 
particles into a smooth, adherent film about 0.2-1.5 mils 
thick. After the organic adhesive is applied, the green multi 
layer laminated structure is positioned on the organic adhe 
sive/glass film-coated Surface of the glassed Al-O core, and 
laminated/adhered to the Al-O core to forman assembly. The 
assembly is then simultaneously fired to a temperature of 
about 1100° C. for 0.5 to 3 hours and cooled. 
0158 FIG. 1 is a cross-sectional view of a ceramic pack 
aging assembly 1 according to one embodiment of the present 
invention, specifically, a metallized multi-layer glass-ce 
ramic substrate 10 that is solder bonded to a metal core 2. The 
ceramic packaging assembly 1 of FIG. 1 includes a glass 
ceramic Substrate 10, a metal core 2, and a bonding layer3 
disposed between the glass-ceramic substrate 10 and the 
metal core 2. The ceramic packaging assembly of FIG. 1 can 
be produced according to Examples 4 as described above, 
wherein agreen multi-layer laminated structure (not shown in 
FIG. 1) having the composition of composition of Example 
22 is sintered to 900° C. for 10 minutes to achieve sufficient 
densification of the laminated glass-ceramic green sheet lay 
ers to produce the glass-ceramic Substrate 10 having the 
desired Q, K and TEC characteristics. 
0159. The glass-ceramic substrate 10 is then metallized 
and etched to define solder bands at least on the joining 
surface 10a thereof, as described in Example 28. An Au/Sn 
solder is provided on the solder bands, and the joining Surface 
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10a of the glass-ceramic Substrate is brought into contact with 
the joining surface 2a of the laminated Cu/Mo/Cu metal core 
2. The assembly is then heated to a temperature of about 280° 
C. to reflow the solder and define the bonding layer 3, which 
joins the glass-ceramic Substrate 10 and the metal core 2 at the 
interface between the respective joining Surfaces 10a and 2a 
thereof to form the ceramic packaging assembly 1. 
0160 FIG.2a is a cross-sectional view of an intermediate 
step in producing a ceramic packaging assembly 100 accord 
ing to another embodiment of the present invention, specifi 
cally involving an un-metallized, green multi-layer laminated 
structure 11 that is bonded to a Ni-plated metal core 2 via a 
bond glass layer 30, as described above in Example 30. FIG. 
2b is a cross-sectional end view of the final ceramic packag 
ing assembly 100 of FIG.2a. 
0161. As described above in connection with the 
Examples, after the glass-ceramic powder of Example 22 is 
prepared. A tape slurry is formed, and a plurality of green 
sheets are formed as described above in connection with 
Example 30. The green sheets 11...11 are cut, stacked, and 
laminated to form the green multi-layer laminated structure 
11 of FIG.2a in the manner described in Example 4. 
0162. As described in more detail above, and particularly 
in connection Example 30, the laminated Cu/Mo/Cu core 2 is 
plated with Ni, oxidized, and a layer of bond glass paste is 
printed, or otherwise Suitably provided, on the joining Surface 
2a thereof. The bond glass paste is heated to remove organic 
constituents and to flow into a smooth, adherent bond glass 
film on the joining surface 2a of the Ni-plated metal core 2. 
An organic adhesive, Such as that described in Example 30, is 
applied to the bond glass film, and the green laminated struc 
ture 11 is disposed so that the joining Surface 11a contacts the 
organic adhesive/bond glass layers on the joining Surface 2a 
of the Ni-coated Cu/MofCu core 2. 
0163 The assembly is then heated to a temperature of 
about 900° C. for 10 minutes to densify the glass-ceramic 
layers of the green multi-layer laminated structure 11 into the 
glass-ceramic substrate 110 of FIG.2b and to allow the bond 
glass layer 30 to react with and bond to the glass-ceramic 
substrate 110 and the metal core 2 as described above. The 
glass-ceramic substrate 110 is thus firmly bonded to the Ni 
plated, laminated Cu/Mo/Cu core 2 via a bond glass layer 30 
interposed between the respective joining surfaces 110a and 
2a of the glass-ceramic substrate 110 and the metal core 2 to 
form the ceramic packaging assembly 100. 
0164 FIG. 3 is a cross-sectional view of a ceramic pack 
aging assembly 100' according to one embodiment of the 
present invention, specifically, a metallized multi-layer glass 
ceramic substrate 101 that is solder bonded to an AlN base 
member 200 via a bonding layer 300 that is disposed between 
the glass-ceramic substrate 101 and the AlN base member 
200. The ceramic packaging assembly of FIG. 3 can be pro 
duced according to Example 4 as described above, wherein a 
green multi-layer laminated structure (not shown in FIG. 3) 
having the composition of Example 22 is sintered to 1000° C. 
for 1 hour to achieve sufficient densification of the laminated 
glass-ceramic green sheet layers to produce the glass-ceramic 
substrate 101 having the desired Q, K and TEC characteris 
tics. 
0.165. The glass-ceramic substrate 101 is then metallized 
and etched to define solder bands at least on the joining 
surface 110a thereof, as described in Example 29. An Au/Sn 
solder is provided on the solder bands, and the joining Surface 
110a of the glass-ceramic Substrate is brought into contact 
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with the joining surface 200a of AlN base member 200. The 
assembly is then heated to a temperature of about 280° C. to 
reflow the solder and define the bonding layer 300, which 
joins the glass-ceramic substrate 101 and the AlN base mem 
ber 200 at the interface between the respective joining sur 
faces 110a and 200a thereof to form the ceramic packaging 
assembly 100'. 
(0166 FIG. 4a is a cross-sectional view of an intermediate 
step in producing a ceramic packaging assembly 100" accord 
ing to another embodiment of the present invention, specifi 
cally involving an un-metallized, green multi-layer laminated 
structure 111 that is bonded to a sintered ceramic core 220 via 
a bond glass layer 310, as described above in Example 31. 
FIG. 4b is a cross-sectional end view of the final ceramic 
packaging assembly 100" of FIG. 4a. 
0.167 As described above in connection with the 
Examples, after the glass-ceramic powder of Example 22 is 
prepared. A tape slurry is formed, and a plurality of green 
sheets are formed as described above in connection with 
Example 4. The green sheets 11... 11, are cut, stacked, and 
laminated to form the green multi-layer laminated structure 
111 of FIG. 4a in the manner described in Example 4. 
0.168. As described in more detail above, and particularly 
in connection Example 31, the sintered ceramic core 220 is 
provided and a layer of bond glass paste is printed, or other 
wise suitably provided, on the joining surface 220a thereof. 
The bond glass paste is heated to remove organic constituents 
and to flow into a smooth, adherent bond glass film on the 
joining surface 220a of the AIN core 220. An organic adhe 
sive, such as that described in Example 31, is applied to the 
bond glass film, and the green laminated structure 111 is 
disposed so that the joining Surface 111 a thereof contacts the 
organic adhesive/bond glass layers on the joining Surface 
220a of the ATN base member 220. 
0169. The assembly is then heated to a temperature of 
about 1000° C. for about 60 minutes to densify the glass 
ceramic layers of the green multi-layer laminated structure 
111 into the glass-ceramic substrate 112 of FIG. 4 and to 
allow the bond glass layer 310 to react with and bond to the 
glass-ceramic substrate 112 and the core 220 as described 
above. The glass-ceramic substrate 112 is thus firmly bonded 
to the AlN base member 220 via a bond glass layer 310 
interposed between the respective joining Surfaces 112a and 
220a of the glass-ceramic substrate 112 and the base member 
220 to form the ceramic packaging assembly 100". 
0170 While the present invention has been particularly 
shown and described with reference to the preferred mode as 
illustrated in the Examples and drawings, it will be under 
stood by one skilled in the art that various changes in detail 
may be effected therein without departing from the spirit and 
scope of the invention as defined by the claims. 
What is claimed is: 
1. A method of making a glass-ceramic Substrate having a 

thermal expansion coefficient in a range of 3-6 ppm/°C., a 
dielectric constant of less than 5 and a Quality factor (Q) of at 
least 400 for use in high frequency electrical applications, 
said method comprising the steps of 

providing a glass-ceramic powder having an average par 
ticle size in a range of 1-20 um and consisting essentially 
of SiO, in a range of 45-58 wt %, Al-O in a range of 
10-18 wt % and MgO in a range of 10-25 wt %; 

combining said glass-ceramic powder with processing 
additives to form a mixture; 

forming a green body from said mixture; 
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sintering said green body at a temperature in a range of 
900-1150° C. for up to 6 hours to form a sintered glass 
ceramic body; and 

cooling said sintered glass-ceramic body to form said 
glass-ceramic Substrate. 

2. The method of claim 1, wherein said green body com 
prises a green sheet. 

3. The method of claim 2, further comprising the steps of 
providing a plurality of said green sheets and laminating said 
plurality of green sheets under heat and pressure to form a 
laminated green multi-layer structure. 

4. The method of claim 1, wherein said sintering step is 
performed at a temperature of about 900° C. for 10 minutes. 

5. The method of claim 1, wherein said sintering step is 
performed at a temperature of about 1000°C. for 1 hour. 

6. The method of claim 1, wherein said sintering step is 
performed at a temperature of about 1100° C. for 3 hours. 
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7. The method of claim 1, further comprising the steps of: 
providing an additive consisting of a particulate material 

Selected from the group consisting of a thermal expan 
sion coefficient increasing additive, athermal expansion 
coefficient reducing additive, and a sintering aid, said 
additive having a particle size in a range of 1-20 um; and 

adding said additive to said glass-ceramic powder in said 
combining step. 

8. The method of claim 7, wherein said thermal expansion 
coefficient increasing additive comprises 1-15 wt % crystal 
line silica. 

9. The method of claim 7, wherein said additive comprises 
4-12 wt % of a borosilicate glass. 

10. The method of claim 7, wherein said thermal expansion 
coefficient increasing additive comprises 1-15 wt % of a 
material having a composition consisting essentially of 50-55 
wt % SiO, 12-18 wt % Al-O, 10-18 wt % MgO and 4-16 wit 
% ZnO and having a primary crystal phase consisting of 
crystalline silica. 


